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INTRODUCTION/OVERVIEW  OF  WORKSHOP 


David  M.  Mann 

Engineering  Sciences  Division 
U.  S.  Army  Research  Office 
Research  Triangle  Park,  NC 

This  Engine/Fuels  Workshop  comes  at  a  critical  time.  The  Army  is  in 
the  process  of  developing  strategy  for  employment  of  its  forces  in  the  next 
century.  Central  to  this  strategy  Is  rapid  movement  and  high  mobility  of 
air  and  land  components.  Coupled  with  the  projected  fuel  requirements  of 
Army  systems.  Increased  mobility  will  bring  staggering  fuel  logistics  problems. 
These  difficulties  are  being  compounded  by  the  predictable  decline  in  fuel 
"quality"  as  non-conventlonal  fuels  come  Into  use.  Basic  research  can  pro¬ 
vide  the  directions  for  the  new  technologies  needed  to  meet  the  Army's  future 
mobility  requirements. 

The  purpose  of  the  title  "Engine/Fuels  Workshop"  was  to  call  attention  to 
the  fact  that  we  are  dealing  with  a  coupled  problem.  Current,  "well  engineered" 
combustion  systems  deliver  high  combustion  efficiency  when  operating  at  their 
design  point  on  their  design  fuel.  Most  suffer  serious  degradation  In  other 
operating  regimes  or  with  other  fuels.  The  challenge  Is  to  develop  the  under¬ 
standing  of  the  interactive  fuel  and  combustion  processes  which  will  allow  the 
broadest  range  of  operation  and  fuel  utilization.  Additionally,  the  availa¬ 
bility  of  reliable  models  of  the  combustion  process  will  allow  less  hardware 
and  test-intensive  engine  development  and  provide  Initial  designs  closer  to 
optimum.  Of  course,  the  fundamental  goal  Is  not  ju-t  combustion  efficiency 
but  rather  energy  efficiency,  the  conversion  of  fuel-stored  energy  into 
useful  mechanical  energy.  In  this  respect,  compound  engines,  for  example 
the  turbo-compound  adiabatic  diesel,  provide  promise  for  real  efficiency 
gains  but  also  provide  challenges  for  combustion  optimization. 

At  this  workshop,  researchers  have  been  asked  to  describe  their  current 
work  and  to  give  their  perspectives  on  the  pressing  Issues  in  this  area.  The 
discussion  sessions  which  follow  these  presentations  will  allow  us  to  focus 
on  the  major  Issues  and  define  critical  research  needs.  Participants  are 
encouraged  to  present  both  evolutionary  and  revolutionary  thoughts  as  both 
are  needed  to  meet  the  challenge. 
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ARMY  MOBILITY  FUELS  PROGRAM 

MAJOR  THRUSTS 

6.1  BASIC  RESEARCH 

•  FIRE-RESISTANT  FUEL  MECHANISMS  (OPTIMIZATION 
PURPOSES) 

•  HETEROATOM/COMPOSITION  EFFECTS  ON  DEPOSITS/ 
WEAR 

•  FUEL  DETERIORATION  ADDITIVE  INHIBITION 
MECHANISMS 


6.2/6.3A  DEVELOPMENT 

•  FIRE-RESISTANT  FUEL  FOR  WORLDWIDE  USE 

•  ADDITIVE  STABILIZER  TO  REDUCE  DIESEL  FUEL 
DETERIORATION 

•  METHODS  FOR  MONITORING  FUEL  QUALITY  IN  FIELD 
ENVIRONMENTS 

•  CAPABILITY  FOR  USING  SYNTHETIC/ALTERNATIVE 
FUELS 

•  FIELD-EMERGENCY  FUELS  CAPABILITY 


ALTERNATE  AND  SYNTHETIC  FUELS 


designation  indicates  issuance  of  product  specification  or  appropriate  document  which  represents  completion  of 

DESIGNATION  INDICATES  UNFUNDED  EFFORT 


COMBAT  MOBILITY  FUELS 


ARMY  FUEL  STABILITY/ 
DETERIORATION  INTERESTS 


U.  CO 

o  z 


CO  o 
BC  O 
o  A 


5  s 
*£  — 
U  in 


10  111  Q 

CO  Ho 

co  3  g 

LAJ  -  ^ 

mgs  O  CO  h~ 

{2  o  <  E 

ec  K  J"  * 

u.  u_  uj  co 

u-  o  >  g 

h-  O  O  _j 

0  3  o  UJ 

tc  <  UJ  <  3  Z 

>■  CL  0.2 

2  P  u  o  o  t 

5  2  3  £!  “  2 

*  2  111  Ul  O 

z  —  —  o  o  u 

Ul  ^  A 


EVALUATIONS 


1-19 


PROCESS  FOR  EVALUATING 


TEMPORARY  GLUT  OF  WORLD  CRUDE  RESULT  OF  - 

•  1979-80  INCREASES  IN  CRUDE  PRICES  HAVE  SLOWLY  REDUCED 


•  REDUCE  ENERGY  CONSUMPTION  IN  MOBILITY  OPERATIONS  BY  10%  BY  FY85 
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ANTICIPATED  TO  BECOME  MORE  VARIABLE 


ENGINE  SYSTEMS  USED  IN  ARMY  GROUND  & 
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LISTING  OF  ARMY  FUEL-CONSUMING  MOBILITY 
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VALIDATE  DEVELOPED  SYSTEMS  WITH  FULL-SCALE 
DURABILITY  TEST  PROGRAMS 
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VAPOR  RECOVERY  REQUIREMENTS 


UTILIZATION  OF  METHANOL  IN  ARMY  EQUIPMENT 


•  SUBSTITUTE/ALTERNATIVE  FUEL 

•  FUEL  EXTENDER  FOR  GROUND  MOBILITY 

FUELS 


UTILIZATION  OF  METHANOL  IN  ARMY  EQUIPMENT 
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•  USE  IN  DIESEL  FUELS 
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Engine  Research, 
Development,  and 
Acquisition  Strategy  for  U.S. 
Army  Ground  Vehicles* 

Paul  C.  Glance 
and  Richard  Munt 

U.S.  Army  Tank-Automotive  Command 
Warren,  Ml 


THE  US  ARMY  CONDUCTS  RESEARCH, 
Development  &  Acquisition  programs  on  a 
wide  variety  of  tactical  and  combat  vehicles 
types.  The  spectrum  of  possible  engines  for 
use  in  these  vehicles  is  very  broad  (Figure  1). 
Available  resources  for  the  research  and 
development  (RAD)  of  candidate  engines, 
however,  are  far  more  limited  and,  further, 
not  all  of  the  possibilities  are  equally 


promising  at  any  given  time.  Consequently, 
there  is  need  for  a  management  strategy  by 
which  the  US  Army  Tank-Automotive 
Command  (TACOM)  can  more  effectively 
direct  its  RAD  resources  to  those  programs 
which  will  provide  the  greatest  benefit  to  the 
overall  effectiveness  of  the  Department  of 
Defense  (DOD). 

Faced  with  this  challenge,  TACOM  has 
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The  US  Army  conducts  Research, 
Development  A  Acquisition  programs  on  a 
wide  variety  of  tactical  and  combat  vehicle 
types.  Available  resources  for  the  research 
and  development  (RAD)  of  candidate  engines, 
however,  are  far  more  limited.  Consequently, 
there  is  need  for  a  management  strategy  by 
which  the  US  Army  Tank-Automotive 
Command  (TACOM)  can  more  effectively 
direct  the  limited  Department  of  Defense 
(DOD)  RAD  resources  to  those  programs  which 
will  provide  the  greatest  benefit  to  the  overall . 
effectiveness  of  the  DOD. 

In  response  to  this  need,  TACOM  has 
evolved  an  engine  RAD  two-fold  strategy. 
The  first  part  of  the  strategy  is  the  limitation 
of  TACOM's  RAD  efforts  to  that  range  of 

^Manuscript  submitted  to  SAE  for  publication. 


engines  wherein  there  are  no  cost-effective 
commercially  available  engine  options.  The 
second  part  of  the  strategy  is  the  development 
of  an  objective,  quantifiable  methodology 
which  integrates  the  highest  priority  goals  into 
an  overall  evaluation  of  the  cost/combat  (or 
operational)  effectiveness  of  candidate 
engines. 

The  methodology  exploits  the  historic 
major  goals  of  the  RAD  program  which  are 
reviewed  in  detail.  This  methodology  will  be 
further  developed  and  considered  as  an 
evaluation  screening  tool  to  determine 
objectively  the  most  promising  engine 
alternatives  warranting  further  development, 
test  and  evaluation  as  well  as  to  determine  the 
relative  significance  of  the  various  RAD  goals 
and  their  specific  targets. 
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Fig.  1  -  Engine  Candidates 


evolved  a  two-fold  engine  R&D  strategy.  This 
paper  traces  the  evolution  of  this  strategy 
with  first  a  discussion  of  the  Army's  highest 
priority  ground  engine  R&D  goals.  These  goals 
have  been  quantified  by  a  series  of  parametric 
trend  charts,  an  understanding  of  which  leads 
to  an  appreciation  of  the  first  part  of  the 
strategy,  the  limitation  of  TACOM's  R&D 
efforts  to  that  range  of  engines  wherein  there 
are  no  cost  effective  commercially  available 
engine  options.  The  paper  then  introduces  the 
second  part  of  the  strategy,  namely  the 
development  of  an  objective,  quantifiable 
methodology  which  integrates  the  highest 
priority  goals  into  an  overall  evaluation  of  the 
eost/combat  (or  operational)  effectiveness  of 
candidate  engines.  This  approach  to  engine 
selection  potentially  can  provide  the  Army 
with  a  simple,  quick  evaluation  leading  to  the 
elimination  of  the  less  desireable  alternatives. 
The  methodology  is  applicable  to  the 
evaluation  of  both  commercially-evailable  and 
to  Army-developed  engines.  Of  importance, 
though,  is  the  fact  that  this  methodology 
.determines  the  relative  importance  of  each 


R&D  goal  because  it  is  only  through  the 
attainment  of  these  goals  that  a  candidate 
engine  can  show  up  well  in  the  evaluation. 

This  paper  shall,  therefore,  explain  first, 
the  critical  engine  R&D  goals  and  then  the 
two-fold  engine  Research,  Development,  and 
Acquisition  strategy  which  follows. 

PROPULSION  SYSTEM  GOALS 

Figure  2  summarizes  TACOM's  highest 
priority  Propulsion  System  goals.  The  Army  is 
interested  in  developing  and  procuring  combat 
effective  engines  which  provide  good  overall 
mission  fuel  economy,  wide  fuel  tolerance  and, 
in  combat  vehicles,  high  power  density  and 
rapid  acceleration.  Additionally,  the  engines 
must  be  reliable,  durable  and  maintainable 
with  the  minimum  resources,  (money  and 
manpower).  AO  this  must  be  achievable  at  the 
best  possible  overall  cost.  These  goals,  of 
course,  are  often  competing  and  the  final 
engine  design  will  be  determined  by  the 
relative  weighting  assigned  to  each  goaL 

TACOM  has  conducted  parametric 
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COST  •  LOW  UFE  CYCLE  COST 

pqWFR  DENSITY  •  SMALL  COMPACT  PROPULSION  SYSTEM 

PERFORMANCE  •  HIGH  PERFORMANCE.  EFFICIENT.  WIDE  FUEL 
TOLERANCE 


RAM-0  -  RELIABLE.  AVAILABLE.  MAINTAINABLE.  DURABLE 
Fig.  2  -  Propulsion  System  Goals 


studies  which  quantify  the  values  of  these 
goals  for  various  engine  classes.  The  results 
of  these  parametric  studies  of  the  cost,  power 
density,  performance  and  RAM-0  goals  are 
discussed  next. 

COST 

The  DOD  defines  "Life  Cycle  Cost 
(LCC)"  to  be  the  summation  of  the  costs 
required  to  develop  and  test  (RAD  cost), 
procure  (acquisition  cost),  and  operate  and 
support  (OAS)  for  the  life  of  the  system 
(including  overhaul  cost,  if  any).  The  life  of 
most  weapon  systems  is  20  years  and 
therefore,  the  cost  of  operating  and  supporting 
the  system  for  20  years  is  usually  the  largest 
element  of  life  cycle  cost. 

The  LCC  of  varies  engines  which  the 
US  Army  has  in  operation  is  shown  in  Figure  3. 
The  first  five  engines  shown,  which  cost 
approximately  $250  per  horsepower  for  20 
years  of  life,  are  commercial  engines.  The 
last  two  engines  are  the  Main  Battle  Tank 
(special  military)  engines  which  have  LCC 
levels  of  approximately  $500  per  horsepower 
for  20  years  of  life.  These  LCC  date  are  not 
directly  comparable  between  vehicles  since 
the  use  and  mileage  of  each  vehicle  class 
varies.  Note  that  the  RAD  costs  typically  are 
a  small  element  (less  than  four  percent)  of  the 
total  LCC. 

Each  cost  element  of  LCC  can  be 
analyzed  to  determine  parametric 
relationships  for  the  various  classes  of 
englnesi  for  example,  Figure  4  is  a.  c haft  of 
engine  procurement  costs  and  -If^btsptay  wme 
parametric  cost  trends  for  five  classes  of 
engines  and  five  procurement  cost  levels, 
commercial  passenger  car  high  production  rate 
gasoline  engine  ($7/HP),  commercial  truck 
medium  production  rate  diesel  engines 
($30/HP),  military  (tank)  Jiesel  engines 
($80/HP),  military  (tank)  regenerative  gas 
turbine  engines  ($90/HP),  and  military 
twilicopter  gas  turbine  engines  ($100/HP). 
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Fig.  3  -  Engine  20  Year  Life  Cycle  Cost 


.  Fig.  4  -  Engine  Procurement  Cost  Levels 


These  procurement  cost  data  are  not  directly 
comparable  between  engines  since  the 
production  rate,  time  frame,  and  accessories 
varteg-  for  each  engine  procurement. 
Nonetheless,  these  types  of  parametric  cost 
Jata  can  be  used  to  estimate  the  cost  of 
engine  design  candidates  which  have  not  yet 
entered  production  and  are  often  useful  in 
preliminary  evaluations. 

A  significant  conclusion  drawn  from 
Figures  3  and  4  has  prompted  the  formulation 
of  the  first  aspect  of  the  TACOM  RAD 
strategy.  It  is  apparent  that  commercial 
engines  <ure  less  expensive  than  military- 
designed  ones.  There  we  a  vwiety  of  reasons 
for  this:  lower  procurement  cost,  lower  RAD 
cost,  but  principally  lower  OAS  cost.  The 
lower  OAS  cost  of  the  commercial  engines 
arises  largely  from  the  lower  maintenance 
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costs,  as  fuel  costs  per  horsepower  are  roughly 
equal.  It  follows  then,  that  it  is  more  cost 
effective  for  the  Army  to  procure  commercial 
engines  whenever  possible  (with  military 
adaptation,  as  necessary).  Only  when  there 
are  no  suitable  commercial  options  (as  occurs 
in  the  very  large  engines),  should  a  purely 
military  engine  be  considered. 

,  POWER  DENSITY 

Power  density  is  a  measure  of  the  ability 
to  package  the  engine  or  power  unit  in  a  small 
volume  with  minimal  weight.  This  feature  is 
particularly  important  to  combat  vehicles 
wherein  excessive  volume  committed  to 
propulsion  greatly  exacerbates  the  vehicle 
weight  problem  through  the  extra  armor 
protection  required  to  house  the  unit.  Vehicle 
weight,  in  turn,  is  a  significant  consideration 
because  of  its  adverse  effect  upon 
performance  (fuel  economy  and  acceleration), 
cost,  and  air  transportability. 

Power  density  is  described  quantitatively 
in  terms  of  specific  weight  and  specific 
volume,  that  is,  the  weight  or  volume  per 


horsepower.  Figure  5  presents  the  engine 
specific  weight  as  a  function  of  design  power. 
Each  engine  class  (turbine  or  diesel)  is  seen  to 
form  a  separate  curve.  The  lowest  line 
represents  the  simple  cycle  turbines  and 
demonstrates  the  very  low  specific  weight  of 
that  type  of  engine.  Of  course,  this  is  the 
reason  that  simple  cycle  turbines  are  selected 
in  aircraft  and  helicopter  applications.  The 
recuperated  and  regenerated  gas  turbine 
engines  have  considerably  higher  specific 
weights.  The  weight  penalty  here  is 
associated  with  the  heat  exchanger  and  the 
requiggdxlucting.  There  is  a  distinct  break  in 
the  -tread-  at  the  low-power  end  representing 
the  regime  of  the  automotive  gas  turbine.  The 
reason  is  two-fold;  first,  the  heat  exchanger 
is,  thus  far,  a  rotating  regenerator  which 
provides  greater  effectiveness  with  a  smaller 
volume  and  weight  (but  is  limited  to  lower 
pressures);  and,  second,  the  volumetric  and 
weight  constraints  are  imposed  more  severly 
upon  automotive  applications  than  on  trucks. 

Diesel  engines,  except  for  the  adiabatic 
diesel,  tend  to  have  higher  specific  weight 
values  than  the  turbines.  The  diesels  fall  into 


four  separate  classes.  The  first  includes  air 
cooled  diesels  of  exclusive  military  design  and 
use.  The  second  is  the  range  of  truck, 
construction  equipment,  and  militarized 
commercial  diesels  that  span  the  low-to-high 
output  diesel  range.  The  third  is  the  adiabatic 
diesel  that  shows  well  here  because  of  its 
highly  efficient  extraction  of  input  energy  at 
little  penalty  in  weight  or  volume  (the 
turbocompounding  device).  The  fourth,  and 
last,  is  the  automotive-sized  diesel.  In  the 
automotive-sized  diesels  (less  than  200  HP), 
there  is  a  break  in  the  trend  represented  by 
the  band  of  conventional  low-to-hlgh  output 
diesels.  This  again  represents  the  special 
constraints  imposed  by  automotive  design  on 
the  weight  and  volume,  even  at  the  possible 
expense  of  the  extraordinary  durability 
attributed  to  the  truck  diesel. 

Figure  6  presents  the  specific  volume, 
which  is  the  second  measure  of  power  density. 
The  trends  and  arrangements  here  are  similar 
to  those  in  Figure  5  and  one  may  draw  the 
same  conclusions.  Comparisons  such  as  these 
hqwever,  do  not  provide  a  complete  picture. 
The  propulsion  system  in  a  typical  fielded 
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combat  vehicle  occupies  approximately  40%  of 
the  under-armor  hull  volume.  Of  that,  only  a 
portion  is  taken  up  by  tha  bare  engine;  the  rest 
is  occupied  by  ancillary  equipment  such  as 
radiators,  air  cleaners,  induction  and  exhaust 
ducting,  transmission,  and  fuel.  Fuel  is 
considered  here  in  the  volumetric  study  as 
there  may  well  exist  a  trade-off  between 
engine  size  and  efficiency  on  one  hand  and 
mission  fuel  required  on  the  other.  For 
example,  the  AGT-13Q0  gas  turbine  engine 
used  in  the  Ml  Abrams  Tank  has  a  recuperator 
w^ich  imposes  a  volumetric  penalty  of  about  S 
ft  ,  but  in  doing  so  provides  a  40%  reduction 
in  the  average  mission  fuel  economy;- 

Figure  7  summarizes  the  volume 
breakdown  of  the  propulsion  package  in  a  tank. 
Note  that  if  the  engine  size  alone  is  reduced 
by  one-half,  the  total  propulsion  system 
volume  is  reduced  by  only  1/4%.  If  however, 
an  adiabatic  engine  were  successfully 
developed  for  combat  vehicles,  not  only  would 
the  engine  size  be  reduced  by  50%,  the  cooling 
system  would  be  reduced  by  66%,  and  the  fuel 
system  by  40%,  for  a  total  system  propulsion 
systems  volume  reduction  of  39%.  Dramatic 
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PROPULSION  SYSTEM  SIZE 
TYPICAL  FIELDED  VEHICLES 


Fig.  7  -  Propulsion  System  Size,  Typical 


Fielded  Vehicles 


reductions  in  the  size  of  advanced  rotary  and 
gas  turbine  powerplant  installations  also  are 
possible.  Nonetheless,  the  major  reduction  of 
some  sizeable  ancillary  equipment  and  fuel 
needs  in  the  adiabatic  diesel  give  that  engine  a 
major  boost  toward  meeting  TACOM's  power 
density  goal.  By  comparison,  the  gas  turbine 
engine's  inherently  good  power  density  is 
somewhat  offset  by  twe  factors.  First,  the 
recuperated  gas  turbine  engine  today  does  not 
possess  a  fuel  economy  (a  performance 
parameter)  equal  to  that  of  a  good  diesel,  and 
hence,  greater  fuel  capacity  is  required  for  a 
given  range.  Second,  the  gas  turbine  today 
provides  less  work  per  pound  of  air,  and  hence, 
requires  higher  air  flow,  which  leads  to 
greater  air  induction,  filtration,  and  exhaust 
volumes  than  are  required  by  the  diesel. 

One  approach  to  exploring  the  power 
density  of  the  propulsion  system  as  a  whole  is 
presented  in  Figure  8.  This  portrays  the 
specific  volumes  not  of  bare  engines,  but  of 
engine  systems.  Many  of  the  data  points  are 
estimates  based  upon  empirical  rules 
formulated  from  previous  experience. 
Included  in  the  volume  count  are  engine, 
engine  cooling,  if  any,  induction/exhaust,  air 
filtration,  and  fuel  for  a  275  mile  cross¬ 
country  cruise.  Auxiliary  Power  Unit  (APU) 
function,  *  if  separate,  and  transmission 
volumes  are  not  included.  A  comparison 
between  Figures  6  and  8  reinforces  the 
validity  of  treating  the  specific  volume  of  the 
entire  system,  rather  than  that  of  the  bare 
engine.  First,  the  present  regenerative  gas 
turbine  system  at  high  power  is  seen  to  be  only 
comparable  in  volume  to  that  of  the  military, 
air-cooled  diesels  (e.g.,  AVCR-1360  vs  AGT 
1900)  and  largerthan  could  be  expected  from 
liquid-cooled  diesels  extrapolated  to  these 
power  levels.  Second,  the  Wankel  or  rotary 
engine  system  at  a  high  power  level  is  no 
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Fig.  8  -  Engine  System  Specific  Volume 


better  than  the  regenerative  gas  turbine  or 
air-cooled  diesel  systems.  At  lower  powers 
(below  about  900  HP),  the  rotary  system 
volume  becomes  superior  even  to  that  of  the 
liquid-cooled  diesels,  a  fact  attributable  to  its 
flat  slope  on  the  curve  implying  a  uniform 
scaling  with  size.  As  a  system,  the  adiabatic 
diesel  looks  much  better  than  it  did  as  a  bare 
engine  alone  because  of  the  absence  of  a 
cooling  system  and  the  reduced  fuel 
requirement. 

Due  to  the  impact  of  power  density  on  so 
many  features  of  importance  to  military 
vehicles  (performance,  cost,  and 
transportability),  this  goal  assumes  major 
proportions  in  the  development  of  future 
engines  as  well  as  in  the  selection  of  existing 
engines  for  near-term  systems.  For  future 
engines,  Figure  8  projects  some  expectations 
of  what  might  be  attained.  To  achieve  this 
power  density,  close  integration  of  the 
engine/transmission  system  will  be  required. 

PERFORMANCE 

There  are  three  performance  parameters 
that  TACOM  considers  as  prime:  Vehicle 
acceleration,  Riel  economy,  and  multifuel 
capability.  Acceleration,  useful  to  combat 
vehicles  for  survivability,  can  be  iewed  in 
terms  of  the  vehicular  horsepower  -to-weight 
ratio.  Figure  9  shows  this  ratio  for  a  variety 
of  vehicles.  Note  that  current  tanks,  such  as 
the  M60  and  the  Russian  T-64,  are  at  14 
horsepower  per  ton  power  level.  The  new 
combat  vehicles,  Ml  and  M2,  have  larger 
powerplants  which  produce  approximately  25 
horsepower  per  ton.  For  reference,  passenger 
car  power  level  is  approximately  75 
horsepower  per  ton.  The  relationship  between 
power-to-weight  ratio,  acceleration,  and 
survivability  is  seen  in  Figure  10.  This 
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ENGINE  HORSEPOWER  VS  VEHICLE  GROSS  WEIGHT. 


GROSS  VEHICLE  WEIGHT 
Fig.  9  -  Engine  Horsepower  vs  Vehicle  Gross 
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SURVIVABILITY  VS.  OASH  DISTANCE 


Fig.  10  -  Survivability  vs  Dash  Distance 


example  utilizes  the  Army's  mobility  and 
threat  models  to  compute  the  probability  of 
survival  as  a  function  of  exposure  distance  to 
a  typical  weapon  for  a  22-ton  tracked  vehicle 
with,  first,  a  500  HP  engine  and,  second,  af( 
650  HP  engine.  The  shorter  exposure  time 
over  a  given  distance  by  the  more  rapidly 
accelerating,  higher  powered  vehicles  allows 
less  reaction,  tracking,  and  reloading  time  by 
the  threat  weapon. 

Fuel  economy  is  important  to  both 
tactical  and  combat  vehicles  because  of  its 
impact  on  LCC  and  logistics.  In  addition,  for 
combat  vehicles,  fuel  must  be  placed  largely, 
or  better  yet,  exclusively  under  armor 
protection.  Thus,  the  more  fuel  needed  for  a 
given  range  requirement,  the  heavier  and  more 
costly  the  tank. 

Fuel  economy  in  an  engine  is,  of  coarse, 
usually  measured  by  the  brake-specific  fuel 
consumption  (BSFC).  Figure  11  presents  the 
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BSFC  OF  ENGINES. 


typical  taSFC  curves  as  a  function  of  percent 
power  for  a  variety  of  engine  types.  These 
data  are  from  Reference  (1)  and  army 
sources.  Note  that  the  simple  cycle  gas 
turbine  that  stood  out  so  well  in  Figure  6 
because  of  its  excellent  power  density,  now 
stands  out  for  its  very  high  fuel  consumption: 
Space  gained  in  small  engine  volume  will  be 
taken  by  fuel.  Consequently,  this  type  of 
engine  is  not  suitable  for  ground  vehicles.  In 
the  middle  range  are  a  variety  of  diesels, 
gasoline  reciprocating,  rotary,  regenerated 
free-turbine  and  single-shaft  gas  turbines. 
The  bottom  line  shows  the  demonstrated  fuel 
consumption  for  the  adiabatic  diesel  engine. 
This  engine  is  the  most  fuel  efficient  ground 
vehicular  engine  in  the  world.  It  represents  a 
severe  challenge  to  the  gas  turbine.  To  be 
competitive,  the  gas  turbine  will  have  to 
operate  at  a  high  turbine  inlet  temperature, 
perhaps  2,500  F,  and  be  highly  recuperated 
and  possiblg  interceded.  While  this  will 
provide  high  efficiency  at  high  power,  there 
still  remains  the  problem  of  low  efficiency  at 
low  and  idle  power  for  as  Figure  11  shows, 
there  is  a  dramatic  increase  in  the  BSFC  of  all 
engines  at  sufficiently  low  power.  In  aircraft 
and  line-haul  trucks,  this  is  less  a  concern  as 
their  duty  cycles  are  predominate  at  higher 
power.  Figu.  12  shows  the  peacetime  annual 
duty  cycle  for  army  Combat  vehicles.  Other 
relevant  cycles  are  the  24  and  48  hour 
battlefield  cycles.  Shown  also  in  Figure  12  is 
the  fuel  consumed  by  the  AQT-1500/M1  tank 
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at  each  power  point  of  the  cycle.  Thus,  the 
idle  and  low  power  engine  fuel  economy  is 
very  important  in  combat  vehicle  applications. 

The  improvement  in  low  power  fuel 
economy  is  achieved  by  the  use  of  a  free 
-power  turbine,  variable  geometry  to  maintain 
a  high  Turbine  Inlet  Temperature  (TIT)  at  low 
power,  and  adequate  regeneration.  For  the 
2,500°F.  TIT  just  suggested,  a  recuperator  or 
regenerator  capable  of  operation  at  2,000°F. 
at  idle  may  be  needed.  This  introduces  the 
need  for  ceramic  materials,  such  as  Silicon 
carbide  or  Silicon  nitride.  Considering  the 
possible  pressure  ratios  (15:1)  that  may  be 
involved  to  achieve  acceptably  low  airflows, 
the  use  of  ceramics  in  a  recuperator  becomes 
a  major  technical  challenge.  Several  other 
mechanisms,  both  thermodynamic  and 

mechanical,  have  also  been  proposed  to 
improve  low  power  fuel  economy  for  gas 
turbines,  but  will  not  be  discussed  in  this 
paper. 

The  third  aspect  of  the  research  and 
development  performance  goal  is  the 

achievement  of  multifuel  capability.  The 
national  defense  depends  on  a  guaranteed 
energy  supply,  in  particular,  a  guaranteed 
supply  of  liquid  hydrocarbon  fuels. 

Alternatives  are  needed  that  are  domestically 
controllable)  consequently  engines  must  be 
developed  to  operate  on  those  alternate  fuels. 
The  DOD  is  committed  to  a  long-range 
program  to  achieve  an  orderly  transition  to 
synthetic  hydrocarbon  fuels  in  the  1985  to 
2010  timeframe.  In  support  of  this  policy,  the 
Army  has  initiated  an  alternative  fuels  BAD 
program  that  is  expected  to  yield  commerical 
engine  modification  kits,  thereby  allowing  the 
US  Army  ground  tactical  vehicle  fleet  the 
flexibility  of  operating  on  a  wide  range  of 
conventional  and  synethic  fuels. 

The  ideal  multifuel  engine  is  defined  for 
Army  purposes  as:  "An  engine  with  the  ability 
to  operate  on  a  wide  range  of  alternate 
hydrocarbon  fuels  (from  gasoline  to  diesel, 
including  shale  oil  or  coal  derived  fuels,  with  a 
wide  spread  of  octane  and  cetane  tolerance)  in 
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nilitary  vehicles  without  requiring  physic 
idjustment  in  the  field  or  compromising" 
engine  performance  or  life."  An  emergency 
fuel,  as  opposed  to  the  alternate  fuels 
described  previously,  is  one  with  which  an 
engine  can  be  made  to  operate  well  enough  for 
the  basic  purpose  to  which  it  was  designed,  but 
with  which  the  engine  can  be  expected  to 
suffer  some  degradation  in  performance  and 
life. 

Figure  13  displays  the  distribution  of 
fuels  of  interest  according  to  cetane  number 
and  viscosity  which  largely  govern  the  fuel 
nerformance  in  internal  combustion  engines. 
There  are  other  fuels  properties,  such  as 
lubricity,  which  also  must  be  considered, 
viscosity,  but  not  the  cetane  number,  affects 
the  combustion  of  gas  turbine  engines.  Hie 
important  points  to  understand  here  are,  first 
of  all,  that  the  DOD  multifuel  definition 
encompasses  a  very  large  range  of  conditions, 
ind  second,  that  100%  alcohols  are  not  within 
that  range,  although  alcohol  blends  may  be. 

Figure  14  summarizes  the  multifuel 
potential  of  various  engine  types.  Two  types 
of  engines  have  inherently  poor  multifuel 
•apabiities:  Gasoline  spark  ignition  engines 
oecause  of  their  octane  sensitivity  and  diesel 
open-chamber  compression  ignition  engines 
because  of  their  relative  cetane  sensitivity. 
For  those  reasons,  conventional  open- 
chambered  engines  will  be  phased  out  of  the 
Army  inventory  and  replaced  by  wide  fuel 
tolerant  engines  in  the  1985-2000  timeframe. 
Gas  turbines  and  Stirling  engines  are 
potentially  good  multifuel  engines  because 
they  are  continuous  combustion  engines. 

The  three  performance  considerations 
discussed  here  do  not  exhaust  those  of  interest 
to  the  Army.  Two  others  are  worth 
highlighting.  The  first  is  cold-start  capability. 

> he  Army  requirement  is  for  start-up  within 
one  minute  using  only  the  vehicle  batteries 
vith  DF-2  fuel  at  an  ambient  20°F.,  mid  DF-1 
it  an  ambient  -25°  F. 

The  second  is  the  torque  characteristic 
'ind  output  RPM  of  the  engine.  Hie 
•- significance  here,  for  existing  systems,  is  the 
availability  of  a  suitable  off-the-shelf 
transmission.  For  new  systems,  the 
significance  is  the  ability  to  tailor  the 
transmission  for  minimum  size.  In  this  latter 
situation,  the  benefit  accrued  is  measured  in 
terms  of  the  power  density,  if  that  term  is 
defined  to  include  the  transmission  (as  it  was 
not  in  Figure  8).  Figure  15  shows  torque  vs 
'Hitput  speed  examples  of  three  engines,  a 
aiesel,  a  rotary,  and  a  free  power  turbine  gas 
turbine.  Hie  gas  turbine,  in  this  case,  could 
impact  both  size  and  efficiency  of  the 
transmission  by  elimination  of  the  torque 
converter  that  is  required  for  the  other 
engines  shown.  Furthermore,  the  typically 
bigh  output  speed  of  the  power  turbine  might 
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Fig.  13  -  Fuel  Cetane  and  Viscosity  Range 
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Fig.  15  -  Engine  Torque  Characteristics 


lie 


1  -48 


also  be  used  to  advantage  by  providing  the 
gear  changing  at  high  speed  and  thus,  low 
torque.  This  also  could  materially  reduce  the 
transmission  size,  although  with,  perhaps,  a 
minor  compromise  in  efficiency.  Torque  and 
total  power  together  do  not  completely 
address  the  acceleration  requirement,  of 
course.  Engine  response  time  to  power 
demand  must  also  be  addressed  and,  indeed, 
can  be  of  considerable  impact  on  gas  turbine 
and  highly  turbocharged  diesel  performance. 

In  summary,  then,  the  principal 
performance  requirements  for  the  Army  are 
acceleration  for  combat  vehicles,  fuel 
economy,  and  multifuel  capability.  These 
characteristics  impact  survivability,  LCC,  and 
availability.  Ancillary  considerations  of  cold 
start  and  torque  impact  availability  and  power 
density,  both  of  which  affect  the  combat 
effectiveness. 


RAM-D 

RAM-D  is  the  acronym  for  reliability, 
availability,  maintainability,  and  durability. 
The  impact  of  these  collective  considerations 
has  a  heavy  influence  on  the  utility  of  an 
engine  to  the  Army.  Excessive  maintenance, 
either  scheduled  or  unscheduled,  impacts  the 
number  of  vehicles  available  for  duty  at  any 
given  time.  Additionally,  reliability  impacts 
the  conduct  of  a  battle  by  further  reducing  the 
number  of  vehicles  succeeding  in  the 
execution  of  the  required  missions.  RAM-D 
also  impacts  the  LCC  significantly  as  one  of 
the  major  components  (with  fuel)  of  the 
operations  and  support  costs.  Thus, 
improvements  in  this  area  have  a  marked 
impact  on  both  sides  of  the  cost-effectiveness 
equation. 

Figure  16  shows  the  historical  Army  data 
for  the  mean  time  between  critical  failures 
(MTBCF)  for  typical  engines.  Note  that  the 
best  commercial  and  military  diesels  achieve 
600  hours  between  critical  failures.  The 
RAM-D  experience  of  gas  turbines  in  the 
aircraft  field  has  been  remarkable. 
Nonetheless,  the  ground  vehicular  application 
is  somewhat  different  and  the  RAM-D  cannot 
be  expected  to  be  entirely  similar.  The 
Army's  experience  with  the  AGT-1500  gas 
turbine  engine  in  the  Ml  tank  has  been  too 
short,  as  yet,  to  provide  mature  RAM-D  data 
that  do  not  reflect  the  learning  trials  of  both 
the  user  and  the  manufacturer. 

The  Army  goal  for  future  combat 
engines  is  1, 000-hours  MTBCF  and  2,000-hours 
life.  Achievement  of  this  goal  will  have  a 
marked  impact  on  the  LCC  and  on  the  combat 
or  operational  effectiveness  of  the  vehicle 
through  improved  availability  and  reliability  in 
the  field. 
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Fig.  16  -  Mean  Time  Between  Critical  Failures 

TACOM  RESEARCH,  DEVELOPMENT,  AND 
ACQUISITION  (R,D&A)  STRATEGY 

As  a  consequence  of  the  previously 
discussed  goals  and  parametric  trend  studies,  a 
strategy  has  evolved  for  the  management  of 
engine  R,D&A  efforts,  which  involves  two 
parts.  The  first  is  the  concentration  of  R&D 
efforts  to  that  range  of  engines  wherein  no 
satisfactory  commercially  available  engine 
exists.  The  second  is  the  development  of  an 
objective,  quantifiable  methodology  which 
integrates  the  highest  priority  goals  into  an 
overall  evaluation  of  the  cost/combat  (or 
operational)  effectiveness  of  candidate 
engines. 

RANGES  OF  ENGINES 

Motivated  by  its  limited  resources  and  a 
requirement  to  provide  engines  for  a  large 
variety  of  tactical  and  combat  vehicle  types, 
TACOM  has  developed  a  management  strategy 
to  concentrate  the  limited  DOD  resources  to 
the  highest  priorities.  There  are  three  size 
regimes:  Below  500  HP,  500  to  1,000  HP,  and 
over  1,000  HP.  Each  of  these  regimes  is 
characterized  by  a  particular  relationship  to 
Hie  availability  of  commercial  alternatives 
which  can  be  exploited. 

Below  500  HP,  because  of  the  lower 
procurement  cost,  ready  availability  and 
proven  cost  effectiveness  of  commercial 
engines,  the  Army  will  use  commercial-base 
engines.  In  some  cases,  however,  the  Army 
must  develop  modification  kits  to  meet  special 
DOD  goals,  such  as  wide  fuel/synthetic  fuel 
capability  while  maintaining  high  efficiency. 

By  combining  stratified-charge  and  adiabatic 
technology  into  commercial  engines,  it 
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appears  that  these  goals  can  be  achieved. 
Because  of  the  desire  to  exploit  commercial 
engines,  the  engine  options  are  generally 
limited  to  diesels  in  this  power  range.  In  the 
500  to  1,000  HP  range,  the  Army  can  use 
either  a  highly  modified  commercial  engine  or 
a  military-designed  engine,  depending  upon  the 
Availability  of  a  suitable  commercial  engine  to 
modify.  Modifications  may  be  extensive  or 
minor,  but  in  the  case  of  a  diesel  engine, 
higher  power  is  often  achieved  through 
increased  turbocharging  and,  in  future  cases, 
converting  the  engine  to  some  degree  of 
adiabaticity. 

Increasing  the  level  of  turbocharging 
may  require,  in  addition  to  reduction  of  the 
compression  ratio,  redesign  of  the  load¬ 
carrying  parts  such  as  the  pistons,  rods  and 
bearings  to  accommodate  the  higher  load. 
Again,  in  this  size  range,  only  a  few 
commercially  designed  gas  turbine  truck 
engines  are  currently  available.  Gas  turbine 
engine  higher  power  can  b«i  achieved,  within 
structural  and  aerodynamic  limits,  by 
increasing  the  compressor/turbine  speeds  and 
the  TIT.  Beyond  that,  resizing  of  the  air  path 
is  necessary,  and  finally,  increased  cooling  or 
different  materials  to  accommodate  a  much 
increased  TIT.  These  are  major  revisions  to 
the  engine. 

In  the  over-1,000  HP  range,  commercial 
engines  for  vehicle  application  are  nonexistent 
and  the  Army  must  develop  unique  military 
engines.  The  appplication  here  is  tracked 
combat  vehicles,  and  in  particular,  the  Main 
Battle  Tank.  In  the  past,  gasoline 
reciprocating  engines  have  been  used,  to  be 
replaced  later  by  diesels.  Most  recently,  a 
recuperated  gas  turbine,  the  AGT-1500,  has 
been  employed.  For  the  next  generation  Main 
Battle  Tank,  gas  turbine,  adiabatic,  and  rotary 
engines  are  all  strong  candidates.  Figure  17 
summarizes  the  above  discussion  and 
graphically  displays  the  three  power  ranges 
inherently  in  the  first  aspect  of  TACOM's 
R,D&A  engine  strategy. 

Consistent  with  this  "power  range” 
strategy,  Figure  18  shows  how  gas  turbine 
engines  may  be  applied  to  a  range  of  military 
vehicles.  Commercial  gas  turbines  such  as  the 
OT-M1  and  GT-404  turbines  could  be  adapted 
for  military  application  with  slight 
modification,  in  the  300  to  600  HP  range 
-which  would  have  application  to  the  vehicles 
shown  on  the  right.  These  commmerical  gas 
turbines  could  be  up-rated  to  700-1,000  HP 
and  applied  to  a  range  of  military  vehicles 
shown  on  the  right.  In  the  1,500-2,000  HP 
range,  an  entirely  new  gas  turbine  would  have 
to  be  developed  for  the  future  Main  Battle 
Tank. 

Figure  19  shows  how  adiabatic  diesel 
anginas  may  be  applied  to  a  range  of  military 
vehicles.  Starting  with  a  commercial  250  HP 


500  HP _ 

•  USE  COMMERCIAL  BASE  ENGINES  ANO  TOOLING 

•  DEVELOP  MODIFICATION  KITS  FOR 

-  VIDE  FUEL/SYNTMETIC  FUEL  CAPABILITY 

-  HIGH  EFFICIENCY 


•  USE  HIGHLY  MODIFIED  COMMERCIAL  ENGINE 
OR 

MILITARY  DESIGN  ENGINE 


ADIABATIC  I  I  GAS  TURBINE 


>  1000  HP 


•  DEVELOP  MILITARY  DESIGN  ENGINE 

|  «DHB»TIC^  |  WOt,.,  “*] 

Fig.  17  -  Engine  R&D  Strategy 


GAS  TURBINE  DEVELOPMENT  STRATEGY 


Fig.  18  -  Gas  Turbine  Development  Strategy 


ADIABATIC  DEVELOPMENT  STRATEGY 

TYPICAL  POTENTIAL  VEH  CV« 


ENGINE  CONFIGURATION  HP-AANCf  APPLICATION  I’os 
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engine,  which  is  in  the  5-ton  truck,  an 
uncooled,  turbocharged  version  of  this  engine 
incorporating  some  ceramics  could  be  applied 
to  5-  and  10-ton  trucks.  By  adding  a 
turbocompound  system  and  more  insulation,  it 
is  technically  feasible  to  build  a  500-700 
adiabatic  engine,  again  based  on  a  commercial 
engine  block.  In  the  Main  Battle  Tank 
category,  the  adiabatic  diesel  engine  must 
begin  with  an  all  new  design  to  be  competitive 
with  the  good  power  density  of  gas  turbine  and 
rotary  engines. 

COST/OPERATIONAL  EFFECTIVENESS 
METHODOLOGY 

The  second  part  of  TACOM's  engine 
R,D4cA  is  the  employment  of  a  standardized 
cost/operational  effectiveness  methodology 
which  integrates  the  previously  discussed  goals 
into  an  objective  quantification  of  the  relative 
vehicle  benefits  afforded  by  each  engine 
candidate. 

For  a  combat  vehicle,  operational 
effectiveness  becomes  combat  effectiveness 
and  one  propulsion  engine  candidate  is  judged 
to  be  more  effective  than  another  if  it  can  be 


shown  that  its  performance  and  dependability 
are  such  that  its  selection  results  in  a  higher 
number  of  combat  vehicles  successfully 
completing  the  prescribed  mission.  Thus,  the 
approach  to  evaluating  the  cost/combat 
effectiveness  of  two  or  more  engine 
candidates  is  to  fix  the  total  budget  allocated 
to  the  vehicle  fleet  (for  each  engine 
candidate)  and  then  compare  the  mission 
success  of  the  candidates.  This  is  done  by 
first  determining  the  number  of  vehicles,  with 
each  type  of  engine,  that  can  be  purchased, 
operated  and  maintained  for  a  fixed  total 
dollar  investment  (this  descends  directly  from 
LCC  analysis),  then  calculating  and  comparing 
the  number  of  combat  vehicles  that  will 
survive  with  these  engines,  giving 
consideration  to  the  propulsion  system 
performance,  availability,  and  reliability.  This 
concept  of  effectiveness  and  a  methodology 
for  computation  are  described  in  details  in 
Reference  (2).  The  essence  of  the  procedure 
is  discussed  below. 

Presented  in  Figure  20  is  a  flow  chart 
summarizing  the  principal  steps  involved  in 
computing  and  comparing  the  cost/combat 
effectiveness  of  combat  vehicle  engines.  The 


COST/COMBAT  EFFECTIVENESS  METHODOLOGY 
PROPULSION  SYSTEM 


Fig.  20 
Methodology 


Cost/Combat  Effectiveness 


1-51 


branch  on  the  left  computes  the  number  of 
vehicles  available  for  combat,  N,,  with  each 
type  of  engine  for  a  fixed  budget  allocation, 
C,p  and  the  branch  on  the  right  computes  the 
probability  of  successfully  completing  the 
mission,  Pss,  for  the  combat  vehicle 
employing  each  candidate  engine.  These  two 
parameters,  number  of  engines  available,  N^, 
and  probability  of  success,  Pgg,  are  multiplied 
in  Block  8  to  yield  the  number  of  vehicles 
(with  each  type  of  engine)  successfully 
completing  the  combat  mission,  N  .  The  last 
step  (Block  9  or  10)  shows  how  the  results  can 
be  presented  comparing  two  different  engine 
candidates,  AAB.  This  comparision  is  the 
tK>ttom%inen  result  being  sought  for  decision¬ 
making  purposes.  Because  of  this  importance, 
it  is  useful  to  discuss  these  results  in  detail. 

The  graph  on  the  left  in  Block  9  presents 
the  number  of  vehicles  successfully 
completing  the  combat  missions  as  a  function 
of  the  vehicle  exposure  distance  (i.e.,  distance 
between  protected  defilade  positions),  a  key 
engagement  parameter.  For  illustrative 
purpose,  the  graph  shows  that  the  cost/cembat 
effectiveness  of  the  two  engine  candidate 
crosses  over  as  distance  increases.  This 
happens  because  the  probability  of  survival  is 
1.0  for  small  distances  and  therefore,  the 
number  of  surviving  vehicles  is  controlled  by 
N.,  the  number  of  available  vehicles.  NA  in 
tiffin,  is  affected  by  engine  availability  and 
unit  life  cycle  engine  (vehicle)  cost,  as  shown 
in  the  Blocks  1,  2,  and  4. 

At  longer  exposure  distances,  the 
probability  of  successfully  completing  the 
combat  mission,  Pgg,  dominates  over  the 
effects  of  the  number  of  vehicles  available  for 
combat,  N . .  The  probability  of  successfully 
completing  the  mission  is  affected  by  the 
acceleration  and  resulting  velocity  for  each  of 
the  two  candidate  systems.  The  effect  of 
other  engagement  parameters,  such  as  threat 
weapon,  range  or  defensive  tactics,  also  affect 
the  probability  of  survival  of  each  system. 

The  graph  on  the  right  in  Block  9  shows 
the  effect  of  budget  allocation  on  cost/combat 
effectivenenss  offered  by  each  engine 
=  candidate.  In  this  graph  the  distance  traveled 
>  is  fixed  and  the  number  of  vehicles  (with  each 
engine)  successfully  completing  the  combat 
missions,  Ng  is  computed  as  a  function  of  the 
budget  allocation,  CT. 

An  alternate  method  of  presenting  the 
results  is  to  calculate  the  ratio  of  Ng/C-,  (for 
a  fixed  distance)  for  engine  candidates  A  and 
B  divided  by  the  value  of  Ng/C^,  for  the 
baseline  vehicle  with  a  baseline  engine.  It  has 
the  advantage  of  indicating  the  relative 
improvement  in  cost/combat  effectiveness  of 
each  candidate  in  comparison  to  the  base 


vehicle  and  engine.  Such  a  result  is  shown  in 
block  10.  A  similar  methodology  for  tactical 
vehicles  exists  but  is  not  discussed  in  this 
paper.  The  above  methodology,  when 
employed  to  evaluate  engines  for  vehicle 
applications  provides  guidance  for  the  RAD 
efforts  by  identifying  the  factors  which  best 
promote  overall  vehicle  cost/combat 
effectiveness.  In  turn,  the  results  of  these 
evaluations  provides  management  with  the 
documentation  needed  to  justify  the  allocation 
of  RAD  resources  to  those  areas  indicating  the 
highest  return  on  RAD  investment. 

CONCLUSION 

The  US  Army  Tank-Automotive 
Command  (TACOM)  has  developed  an  engine 
research ,  development,  and  acquisition 
strategy  that  is  intended  to  better  focus  the 
limited  DOD  resoures  and  to  complement  the 
research  and  development  of  other 
organizations.  This  strategy  is  two-fold:  First 
while  continuing  to  monitor  and  utilize,  as 
appropriate,  other  engine  research,  TACOM  is 
concentrating  its  limited  RAD  resources  on 
high  power  (>  500  HP)  regenerative  gas  turbine 
and  adiabatic  diesel  engines  using  a 
commercial  base,  if  possible.  TACOM  will 
continue  to  exploit  commercial  engines  with 
slight  military  modifications,  as  necessary,  for 
low  power  (r-  500  HP)  ground  vehicle 
applications. 

The  second  part  of  the  strategy  is  a 
propulsion  system  methodology  which  has  been 
developed  to  evaluate  the  enhancement  of 
vehicle  cost/combat  effectiveness  afforded  by 
candidate  engines.  The  methodology  provides 
for  the  identification  of  some  of  the  major 
goals  for  the  research  and  development 
program.  This  methodology  will  be  further 
developed  and  used  as  an  evaluation  screening 
tool  to  determine  objectively  the  most 
promising  engine  alternatives  warranting 
further  development,  test  and  evaluation. 
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COMBUSTION  FUNDAMENTALS  RESEARCH  FOR  GAS  TURBINE  ENGINE 


EDWARD  J.  MULARZ 

Head,  Combustion  Fundamentals  Section 
NASA  Lewis  Research  Center  and 
Propulsion  Laboratory,  USARTL 

The  combustion  research  and  technology  programs  that  are 
conducted  and  managed  by  the  NASA  LeRC  Combustion  Branch  cover 
a  wide  spectrum  of  activities,  from  fundamental  studies  of 
combustion  phenomena  to  applied  research  efforts  on  gas  turbine 
combustors.  The  focus  of  these  programs  is  to  provide  the 
fundamental  information,  analytical  models,  and  generic 
information  to  designers  of  future  gas  turbine  engines. 

The  combustion  research  portion  of  the  AVRADCOM  Propulsion 
Laboratory  research  program  is  completely  integrated  into  the 
NASA  research  program,  providing  both  personnel  and  resources. 

Over  the  last  few  years  increased  emphasis  has  been  placed 
on  fundamental  and  generic  research  at  LeRC  with  less  systems 
development  efforts.  This  is  especially  true  in  combustion 
research  where  the  area  of  combustion  fundamentals  has  grown 
significantly  in  order  to  better  address  the  perceived  long 
term  technical  needs  of  the  aerospace  industry.  The  main 
thrusts  for  this  combustion  fundamentals  program  are  as  follows 

Analytical  Models  of  ombustion  Processes 

Analytically  characterize  the  governing  physical  phenomena 
which  occur  during  combustion  and  in  the  fluid  dynamic 
processes  associated  with  gas  turbine  combustors. 

Model  Verification  Experiments 

Provide  benchmark  quality  data  to  assess  the  accuracy  of 
analytical  models  and  to  identify  model  deficiencies. 

Fundamental  Combustion  Experiments 

Achieve  a  more  complete  and  basic  understanding  of  the 
fundamental  aerodynamic  and  chemical  processes  occurring  in 
chemically  reacting  flows. 

Advanced  Numeric  Techniques 

Improve  computer  codes  in  terms  of  efficiency,  numerical 
accuracy,  and  display  of  results. 

In  each  of  these  areas  there  are  several  research  projects, 
including  grant  activities,  contracts,  and  in-house  projects. 

A  review  of  these  projects  was  recently  held  at  LeRC,  and  a 
conference  publication  with  project  summaries  will  be 
published.  This  presentation  will  give  an  overview  of  the 
program  with  several  projects  highlighted  as  examples  of  the 
program. 
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ARMY  MOBILITY  ENGINE-FUELS  R&D  INTERFACE 

S.  3.  Lestz 

U.  S.  Army  Fuels  and  Lubricants  Research  Laboratory 
Southwest  Research  Institute 
San  Antonio,  Texas 

ABSTRACT 


This  presentation  discusses  the  engine -fuel  interface  as  related  to  present  and 
future  Army  mobility  equipment  systems.  Improved  engine-fuels  utilization  is  not 
only  an  Army/DOD  objective,  but  a  national  energy  goal.  To  achieve  this  goal  in  a 
most  effective  manner  requires  an  interdisciplinary  understanding  by  both  fuels  and 
engines  developers.  The  Army  is  concerned  with  development  of  more  fuel-tolerant 
engines  (a  long-term  goal),  and  improved  fuels'  availability  (a  short-  to  long-term 
goal).  Both  problems  require  cooperative  efforts  on  behalf  of  the  engine  and  the 
fuels  developers.  This  presentation  looks  at  ways  in  which  Army  fuels  and  engines 
researchers  interface  as  they  work  towards  improved  engine-fuels  utilization. 
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TABLE  1— Primary  quality  factors  for 
mobility  fuels 


Fuel 

Engine  type 

quality 

factor 

Spark- 

Ignition 

Compression- 

Ignition 

Turbine 

Combustion 

Octane  No. 

Cetane  No. 

Luminosity 

Volatility 

Startup  and 
driveability 

Low  temp, 
fluidity 

Noizle 

operation 

Cleanliness 

Particulates 

Deposits 

Emissions 

Particulates 
Water  and 
sediment 

Particulates 
Trace  metals 
Surfactants 
Water 

% 


t.  , 


r« 


TABLE  2 — Fuel  properties  needed  for 
acceptable  performance 


Fuel 

Properly  controlled  for  given  tuef  type 

performance 

required 

Automotive 

gasoline 

Diesel 

fuel 

Turbine 

fuel 

Handling  and 

Volatility 

Flash  point 

Flash  point 

Storage 

Vapor  press 

Viscosity 

Viscosity 

Contamination 

Contamination 

Contamination 

(water  sedi  ) 

(water/sedi ) 

(water/surfac.) 

Copper  corr. 

Copper  corr 
Cloud  and 
pour  point 

Particulates 

Microbiological 

growth 

Combustion 

Octane  No 

Cetane  No 

Luminosity 

Distillation 

Distillation 

Hydrocarbon 

range 

range 

composition 

Gravity 

Gravity 

Thermal  stab. 

Hydrocarbon 

Heat  ol 

Heal  of 

composition 

combustion 

combustion 

Cleanliness 

Sulfur 

Carbon  resid 

Trace  metals 

during  use 

Existent  gum 

on  10%  btms 

Distillation 

Stability 

Ash 

Sulfur 

Stability 

Sulfur 

Existent  gum 
Stability 

TABLE  3 — Fuel  quality  affecting  engine 
performance 


Fuel  development  and  use 

•  Changes  in  refinery  feedstock/product  slate 

•  Incorporating  variable  quality  specification  concepts 

•  Use  of  emergency  fuel  specification 

•  Use  of  waiver/off-specification  product 

•  Controlled  product  contamination  (i  e.,  blending  pipe  line 

interfaces) 

•  Use  of  substitute  fuels 

Environmental  factors 
e  Product  deterioration 

•  Uncontrolled  product  contamination 

•  Ground  water  leakage 

•  Inadequate  housekeeping  procedures 

•  Microbiological  growth 

•  Unusual  ambient  temperature 

•  Changes  in  storage  environment 


Extracted  from:  "Fuel  Properties  Vs. 
Engine  Performance"  by  M.  E.  LePera, 
Hydrocarbon  Processing,  January  1982. 


TABLE  4— Fuel  effects  on  spark-ignition 
performance 


Performance  problem 

Probable  tuel-retated  causes 

Excessive  engine  wear 

High  sulfur  content 

Dirt  (silicon)  contamination 

Poor  combustion 

Inadequate  octane  number 

Heavy  ends  contamination 

Preformed  gum  impurities 

Poor  cold  starting 

Improper  volatility  control 

Water  contamination 

Hot  fuel  problems 

Improper  volatility  control 

Carburetor/induction 

Heavy  ends  contamination 

system  fouling 

High  sulfur  content 

P  relot  med  gum  impurities 

Soluble  metal  contaminants 

Filler  plugging 

Water  contamination 

Dirl  (silicon)  contamination 

Spark  plug  fouling 

High  aromatics  content 

TABLE  5— Fuel  effects  on 
compression-ignition  performance 

Performance  problem 

Probable  fuel-related  causes 

Poor  combustion. 

Low  cetane  number 

smoking 

Water  contamination 

Improper  cloud  point 

Lighter/heavier  fuel  contamination 

Excess  cylinder  wear 

Fuel  dilution 

High  sulfur  content 

Dirt  (silicon)  contamination 

Injector  nozzle 

Soluble  metal  contaminants 

plugging/wear 

Heavy  end  impurities 

Preformed  gum  impurities 

Injector  pump 

High  sultur/hetero-atom  content 

fouling/slicking 

Heavy  ends  contamination 

Gasoline  contamination 

Low  fuel  viscosity 

Filter  plugging 

Water  contamination 

Fuel  impurities 

Improper  cloud  point 

Thermally-reaclive  hydrocarbons 

Excess  engine 

Heavy  ends  contamination 

deposits 

Low  cetane  number 

High  suitur/hetero-atom  content 

TABLE  6 — Fuel  effects  on  turbine 

performance 

Performance  problem 

Probable  fuel-related  cause* 

Poor  combustion 

Low  luminometer  number 

Low  smoke  point 

High  aromatics  content 

High  carbon  residue  values 

Heavier  fuel  contamination 

Excess  liner/blade 

High  fuel  viscosity 

deposits,  hot  end 

Low  hydrogen  content 

dtetress 

High  suilur/helero-atom  content 

High  aromatics  content 

Soluble  metal  contaminants 

Nozzle  plugging/wear 

High  particulate  contamination 

Soluble  metal  contaminants 

Heavy  end  impurities 

Marginal  thermal  stability 

High  sulfur  content 

Fuel  control  system 

High  sultur/hetero-atom  content 

malfunction 

Heavy  ends  contamination 

Tharmatty-reactiva  hydrocarbons 

Low  tuel  viscosity 

Marginal  lubricity 

Filter  plugging 

Water  contamination 

Surfactant  contamination 

Microbiological  growth 

Fust  impurities 

Improper  freeze  point 

-  - — 

Tharmally-reactive  hydrocarbons 

Fig- 1 — Relation  of  gasoline  distillation  range  to  engine  perfor¬ 
mance. 


TABLE  7 — Fuel  tolerance  of  Army  engines 
(Listed  in  order  of  decreasing  tolerance,  i.e., 
increasing  order  of  sensitivity) 


Engine  type 

Representative  engine 

Gas  turbine,  recuperated 

AVCO-Lycoming  AGT-1500 

4-Cycle,  liquid-cooled,  divided 

Continental  LDT-465 

chamber,  multifuel 

4-Cycle,  liquid-cooled,  indirect 

Caterpillar  3206 

injection 

4-Cycle,  liquid-cooled,  direct 

Cummins  NHC  250 

injection 

4-Cycle,  air-cooled,  direct 

Continental  AVDS-1790 

injection 

2-Cycle,  liquid-cooled,  direct 

Detroit  Diesel  6V53-T 

injection 

TABLE  8— Unique  requirements  for  Army 
fuels 


•  Survivability  by  reducing  or  eliminating  fuel  ike  hazard* 

•  Commonality  oi  fuels:  NATO  standardization,  interoperability 
e  Enhanced  storage  stability 

e  Multipurpose  use — low  and  high  ambient  temperatures 

•  Specific  fuel  inhibitors 

e  Increased  combustion  efficiency  and  high  energy  potential 
e  Potential  tor  emergency  fuel  applications 


Extracted  from:  "Fuel  Properties  Vs. 
Engine  Performance"  by  M.  E.  LePera, 
Hydrocarbon  Processing,  January  1982. 
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ABSTRACT 

TRANSIENT  CATALYTIC  COMBUSTION 
Richard  0.  Buckius 

Department  of  Mechanical  and  Industrial  Engineering 
Richard  I.  Masel 

Department  of  Chemical  Engineering 

University  of  Illinois  at  Urbana-Champaign 
Urbana,  IL.  61801 


Considerable  attention  has  been  recently  given  to  the  use  of  catalysts  in 
diesel  engines.  The  objectives  of  the  present  effort  are  to  determine  kinetic 
data  for  hydrocarbon  fuels  for  various  catalysts  and  to  model  heterogeneous 
reactive  fluid  mechanics  from  a  transient  viewpoint.  Experimental  data  obtained 
to  date  indicates  that  the  kinetics  of  formaldehyde  can  be  modeled  as  decomposing 
into  CO  and  H2  on  the  surface  of  the  catalyst  and  then  CO  and  H2  burn  as  though 

no  formaldehyde  is  present.  The  data  for  the  formaldehyde  can  be  fit  by  a 
mechanism  where  the  rate  determining  step  is  the  dissociative  adsorption  of 
formaldehyde  onto  the  catalyst.  The  analytical  effort  to  date  addresses  the 
transient  oxidation  of  CO  and  H2.  The  heterogeneous  reactive  flow  over  a  flat 

plate  subject  to  various  boundary  conditions  have  been  considered.  Both  "light- 
off"  and  "shut-off"  solutions  have  been  evaluated.  Results  of  these  transient 
calculations  will  be  presented  and  discussed. 


Basic  Studies  of  Catalytic  Combustion  at  UTRC 
P.  J.  Marteney 

United  Technologies  Research  Center 
East  Hartford,  CT 


ABSTRACT 


The  catalytic  combustion  program  at  UTRC  is  aimed  at  determining  specific  surface 
reaction  rates  of  hydrocarbon  fuels  in  the  catalytic  combustor.  The 
usually -competitive,  gas-phase  reactions  are  suppressed  by  a  low  reaction 
temperature.  The  surface  reactions,  plus  transport  of  heat  and  mass,  are  treated  in 
an  analytical  model.  Studies  to  date  have  yielded  the  reaction  rate  of  CO  (which  is 
an  intermediate  in  the  hydrocarbon  oxidation)  and  the  rates  of  reaction  of  a  number 
of  lighter  hydrocarbons.  Current  emphasis  is  on  the  system  of  two-fuel  mixtures  and 
on  mixed -component  surfaces  such  as  platinum -family  metals  supported  on  rare 
earth  oxides.  An  important  finding  in  two-fuel  mixtures  is  that  methane,  which  is 
usually  very  slow  to  react,  is  substantially  oxidized  in  mixtures  of  methane  and 
propylene  or  ethylene. 


CATALYTIC  COMBUSTION  PROGRAM 
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CURRENT  STATUS  OF  PROGRAM 
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TEMPERATURE  RISE  IN  CO/O2/ARGON 

Platinum  on  Cordierite 
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SEARCH  FOR  CO  RATE  FACTOR  IN 

50/20  CATALYST 
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REACTION  OF  FUELS  IN 


UNIVERSAL”  H/C  CURVE 


emperature-steps  of  20  °C 
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FUTURE  STUDIES 
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TURBULENCE-COMBUSTION  INTERACTIONS  IN 
LAMINAR  AND  TURBULENT  PREMIXED  METHANE-AIR  V -FLAMES 

Tau-Yi  Toong 

Massachusetts  Institute  of  Technology 

The  main  objective  of  this  study  is  to  examine  the  mechanisms  of  turbulence- 
combustion  interactions  in  premixed  V-flames  stabilized  behind  a  cylindrical 
flameholder.  Instantaneous  temperatures  have  been  measured  across  the  flame  brush 
by  the  use  of  25  ym-diameter  Pt/Pt-10%  Rh  thermocouples  at  different  equivalence 
ratios  and  different  distances  from  the  flameholder.  Turbulence-generating  grids 
of  different  mesh  size  have  also  been  used  in  order  to  investigate  the  effects  of 
turbulence  scale  and  intensity. 

As  the  thermocouple  is  moved  across  the  flame  brush  from  the  unburned  side, 
temperature  fluctuations  start  to  appear  with  accompanying  increase  in  the  mean 
temperature.  Within  the  flame  brush,  fluctuations  of  larger  amplitudes  and  higher 
frequencies  are  observed.  In  the  burned  gases,  however,  fluctuations  are 
essentially  absent,  implying  the  importance  of  chemical  reaction  rate  within  the 
reaction  zone  in  triggering  and  sustaining  these  fluctuations. 

By  the  use  of  two  thermocouples  spatially  separated  at  a  fixed  distance,  it 
is  possible  to  detect  the  movement  of  the  flame  brush  at  rather  low  frequencies. 
This  movement  could  be  due  to  the  presence  of  large-scale  eddies  or  wrinkling, 
resulting  possibly  from  hydrodynamic  instability. 

The  presence  of  turbulence-generating  grids  at  the  burner  exit  leads  to  large 
amplitudes  of  the  high-frequency  fluctuations  within  the  flame  brush.  The  main 
difference  between  laminar  and  turbulent  flames  seems  to  be  in  the  relative 
amplitudes  of  these  fluctuations.  This  effect  is  more  pronounced  with  coarser 
mesh  size  of  the  turbulence-generating  grids. 

Near  the  flameholder,  the  amplitudes  of  the  temperature  fluctuations  across 
the  flame  brush  are  rather  small.  As  the  observation  station  is  moved  farther 
downstream,  the  flame  brush  becomes  thicker  with  accompanying  increase  in  the 
amplitudes,  suggesting  the  development  of  instabilities  due  to  chemical  reaction 
within  a  flame  kernel  as  it  moves  downstream  from  the  recirculation  zone  behind 
the  flameholder.  This  effect  becomes  more  significant  as  the  equivalence  ratio 
approaches  the  stoichiometric  value. 


FLAME  BRUSH 
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THE  INFLUENCE  OF  EQUIVALENCE  RATIO  ($)  AND  DOWNSTREAM  LOCATION  (Z’)  ON  TEMPERATURE  TIME  HISTORY 
SIGNAL  -  LAMINAR  FLAME;  MAX.  TEMP.  FLUCTUATIONS 


SIGNAL  -  TURBULENT  FLAME:  4  MESH  GRID 


MEAN  AND  RMS  TEMPERATURE  PROFILES  ACROSS  THE  FLAME  BRUSH  -  TURBULENT  FLAME; 
4  MESH  GRID  AND  10  MESH  GRID 
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EFFECTS  OF  EQUIVALENCE  RATIO  ON  MAXIMUM  RMS  TEMPERATURE  FLUCTUATIONS  (ALL-PASS  AND  HIGH-PASS)  AT  DIFFERENT 
DISTANCES  FROM  THE  FLAMEHOLDER  FOR  LAMINAR  AND  TURBULENT  FLAMES 
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PREIGNITION  OXIDATION  CHARACTERISTICS  OF  HYDROCARBON  FUELS 


Richard  15.  Cohen  and  Nicholas  P.  Cemansky 
Department  of  Mechanical  Engineering 
Drexel  University,  Philadelphia,  PA  19104 

Program  Summary 

Ignition  is  a  complex  process  involving  preignition  reactions 
which  lead  up  to  the  point  of  hot  ignition.  It  is  the  preignition 
behavior  of  the  system  which  determines  whether  or  not  ignition  occurs. 

An  understanding  of  the  global  preignition  oxidation  mechanisms,  the 
associated  heat  release  rates,  and  the  controlling  fuel  and  physical 
factors  will  become  essential  when  synthetic  and  poorer  quality  petro¬ 
leum  fuels  come  into  wider  use. 

Consequently,  in  April  1980,  a  study  of  the  preignition  behavior 
of  hydrocarbon  fuels  was  initiated  under  the  sponsorship  of  the  Army 
Research  Office  (ARO  Numbers:  DRXR0-EG-16957;  DAAG  29-80-C-0112) . 

The  specific  objectives  for  the  study  are: 

(1)  to  determine  the  quantitative  and  qualitative  factors  important 
to  ignition  delay  for  a  variety  of  fuels;  and 

(2)  to  determine  the  global  oxidation  mechanisms  and  heat  release 
rates  for  these  fuels  during  the  preignition  reaction  process. 

The  experimental  program  utilizes  gas  chromatographic  profiling  and 
analysis  techniques  to  qualitatively  and  quantitatively  assess  the 
reactants,  products,  and  stable  reaction  intermediates  during  the  preig¬ 
nition  oxidation  process.  These  species  are  being  followed  in  time  up 
to  the  point  of  hot  ignition  in  a  static  reactor  test  facility  exercised 
over  a  range  of  operating  conditions.  Analysis  and  interpretation  of 
these  data  will  lead  to  attainment  of  the  above  objectives. 

Work  to  date  has  focused  on  developing  and  verifying  the  experimental 
and  analytical  systems  and  on  carrying  out  exploratory  and  preliminary 
measurements  in  the  system.  Reproducibility  of  the  system  has  been 
established  and  anticipated  effects  of  temperature  and  pressure  have  been 
confirmed.  The  ability  to  follow  the  distribution  of  products  and  stable 
intermediates  over  the  course  of  reaction  has  been  demonstrated.  Currently, 
additional  verification  work  is  underway  and  detailed  testing  of  pure 
fuels  and  pure  fuel  blends,  with  and  without  additives,  will  commence 
shortly. 


PREIGNITION  OXIDATION  CHARACTERISTICS 


OF  HYDROCARBON  FUELS 

RICHARD  S.  COHEN 
NICHOLAS  P.  CERNANSKY 


DEPT.  OF  MECHANICAL  ENGINEERING 
DREXEL  UNIVERSITY 
PHILADELPHIA,  PA.  19184 


PROGRAM  TO  STUDY  THE  PREIGNITION  OXIDATION 
CHARACTERISTICS  OF  HYDROCARBON  FUELS 

OBJECTIVES 

TO  EXTEND  AND  COMPLIMENT  PREVIOUS  WORK 

-DEVELOP  SPECIES  INFORMATION  DURING  PREIGNITION 
PROCESSES 

-INCLUDE  HIGHER  CARBON  NUMBER  FUELS 
-EXAMINE  THE  EFFECTS  OF  FUEL  MIXTURES  AND  ADDITIVES 

TO  DETERMINE  GLOBAL  OXIDATION  MECHANISMS  AND 
HEAT  RELEASE  RATES 


PRESSURE 

GAUGE 
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EXPERIMENTAL  FACILITY 


PROPANE/AIR;  $=*3.0 


REPRODUCIBILITY  OF  TEMPERATURE  PROFILES 


•  A  STATIC  REACTOR  F ACUITY  AND  A  CHROMATOGRAPHIC 

PEAK  PROFILING  SYSTEM  HAVE  BEEN  DEVELOPED  FOR  STUDYING 
THE  PREIGNITION  OXIDATION  BEHAVIOR  OF  HYDROCARBONS 

•  PRELIMINARY  TESTING  HAS  BEEN  CARRIED  OUT 

-SYSTEM  OPERATES  REPRODUCIBLY 

-TEMPERATURE  PROFILES  ARE  CONSISTENT  WITH  THE 
EXPECTED  BEHAVIOR  IN  THE  COOL  FLAME  REGION 

—INCREASING  INITIAL  PRESSURE  AND  TEMPERATURE  PRODUCE 
THE  EXPECTED  SHORTENING  OF  THE  INDUCTION  PERIOD 

-THE  DISTRIBUTION  AND  NUMBER  OF  STABLE  REACTION 
INTERMEDIATES  AND  PRODUCTS  ARE  AFFECTED  BY  OPERATING 
CONDITIONS  AND  CAN  BE  FOLLOWED  DURING  THE  COURSE 
OF  REACTION 


•  QUANTIFICATION  OF  SURFACE  EFFECTS 

•  MODIFICATIONS  TO  PERMIT  THE  USE  OF  LIOUID  FUELS 

•  DETAILED  TESTING  OF  PURE  FUELS  AND  PURE  FUEL  BLENDS, 
WITH  AND  WITHOUT  ADDITIVES 

•  IDENTIFICATION  OF  IMPORTANT  SPECIES  AND 
DETERMINATION  OF  MECHANISMS 
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DIESEL  SPRAYS 
Norman  Chigier 

Department  of  Mechanical  Engineering 
Carnegi e-Mel Ion  University 
Pittsburgh,  PA  15213 

The  main  objective  of  this  research  is  to  establish  the  basic  mechanisms 
of  atomization  and  vaporization  in  pulsed  diesel  sprays.  Characterization 
of  diesel  sprays  requires  measurement  of  particle  size  distribution  and 
particle  velocity  as  a  function  of  space  and  time.  High  speed  cinematography 
provides  visualization  of  global  features  of  the  spray  as  it  penetrates  into 
the  air  flow  field.  Laser  induced  fluorescence  will  allow  study  of  motion 
of  sections  of  the  spray  and  of  individual  drops.  A  major  problem  is  to 
differentiate  between  the  presence  of  drops  in  a  dense  spray  and  the  pre¬ 
sence  of  bulk  liquid,  ligaments  and  large  agglomerations  of  drops.  Because 
of  the  high  density  of  the  sprays,  laser  light  obscuration  can  be  of  the 
order  of  90%,  causing  great  difficulty  in  using  pulsed  laser  imaging  techni¬ 
ques  and  laser  interferometric  methods  for  particle  sizing  and  velocity 
measurement. 

The  Malvern  instrument  yields  measurements  at  laser  light  obscuration 
as  high  as  90%  but  calibration  and  interpretation  of  the  measurements  is 
required  due  to  multiple  scattering  and  interference  effects.  X-rays  and 
ultraviolet  radiation  would  allow  greater  penetration  through  the  dense 
sprays;  the  feasibility  of  extending  flash  imaging  techniques  to  these  regions 
of  the  energy  spectrum  needs  exploring. 

The  diode  arrays  in  the  Malvern  instrument  are  multiplexed  as  the  inten¬ 
sity  is  measured  in  each  diode  sequentially.  This  sequence  of  events  is 
too  long  for  measurements  to  be  made  in  diesel  sprays  with  lifetimes  of  the 
order  of  10  ms.  By  simultaneous  recording  of  time  histories  from  each  diode, 
for  several  pulses  of  the  spray,  the  light  intensity  distribution  can  be 
reconstructed  to  yield  drop  size  distributions  as  a  function  of  time,  after 
start  of  injection,  at  a  particular  location  in  the  spray.  Initial  attempts 
at  making  such  measurements  have  demonstrated  the  feasibility  of  using  the 


Diesel  Sprays 
N.  Chigier 

Malvern  for  drop  size  measurement  in  diesel  sprays  but  further  development 
is  required  to  improve  accuracy. 

Trajectories  of  individual  drops  determine  the  location  of  deposition 
of  fuel  vapor  and  hence  the  distributions  of  local  fuel  vapor/air  ratios. 

Since  soot  formation  is  promoted  in  fuel  rich  regions  with  high  temperature 
gradients,  knowledge  of  profiles  of  temperature  and  gas  concentration  enable 
the  identification  of  soot  forming  regions  within  the  spray  flame.  Since 
soot  burning  is  promoted  in  regions  of  lean  mixture  ratio  with  high  tempera¬ 
ture  and  residence  time,  knowledge  of  temperature  and  gas  concentration  pro¬ 
files  also  enable  identification  of  soot  burning  regions  within  the  spray 
flame. 

A  high  pressure,  high  temperature  chamber  has  been  designed  to  study 
diesel  sprays  injected  into  air  environments  simulating  conditions  in  the 
engine  cylinder  prior  to  ignition.  An  electromagnetically  controlled  injector 
has  been  acquired  from  6M  for  controlled  injection  of  fuel  into  the  chamber. 

A  Malvern  particle  sizing  instrument  has  been  purchased  and  is  undergoing 
calibration.  A  High-cam,  high  speed  motion  camera  is  available  for  visualiza¬ 
tion  studies. 


OBJECTIVES 


FUNDAMENTAL  STUDY  OF  ATOMIZATION  OF 
PULSED  DIESEL  SPRAYS 


CHARACTERIZATION  OF  DIESEL  SPRAYS  BY 
DETERMINATION  OF  DROP  SIZE  AND  VELOCITY 
DISTRIBUTIONS 


ESTABLISHMENT  OF  TRAJECTORIES  OF 
INDIVIDUAL  DROPLETS  OF  VARYING  SIZE  AND 
MOMENTUM  WITHIN  SPRAY 


MEASUREMENT  OF  RATE  OF  VAPORIZATION  OF 
DROPLETS  AS  A  FUNCTION  OF  AMBIENT 
TEMPERATURE,  PRESSURE,  AND  FUEL  VAPOR 
CONCENTRATION 


DETERMINATION  OF  LOCAL  FUEL-AIR  MIXING 
RATIOS  AND  THE  EFFECT  ON  SOOT  FORMATION 


FUNDAMENTAL  QUESTIONS 


WHAT  IS  THE  LIFETIME  OF  LIQUID  FUEL  DROPLETS 
IN  DIESEL  ENGINE  CYLINDERS. 


HOW  DOES  ATOMIZATION  INFLUENCE  SPRAY 
CHARACTERISTICS  AND  VAPORIZATION. 


TO  WHAT  EXTENT  DO  LIQUID  PARTICLES  IMPINGE 
ON  SOLID  SURFACES. 


HOW  DO  VARIATIONS  IN  LOCAL  VAPOR  FUEL/AIR 
RATIOS  AFFECT  SOOT  FORMATION  AND 
OXIDATION. 


INSTRUMENTATION 


HIGH  SPEED  SCHLIEREN  MOTION  PICTURE 

PULSED  LASER  PHOTOGRAPHY  AND  HOLOGRAPHY 

LASER  DOPPLER  ANEMOMETER  AND 
INTERFEROMETER 

LASER  DIFFRACTION  PARTICLE  SIZER 

X-RAY  FLASH  RADIOGRAPHY 


MICROTHERMOCOUPLES 


Injector 


V  ':  Dilute  Low  Velocity 

f*j“**!' ..  Tail  and  Periphery  of  Spray 

•  ..  .*•  • 
i  •  •  •  •  • 

! •  •  *  ••  .  •  ••  •.  • 

*  * •  •  •  * •  V I  •  *  •  *■  • 


Dense  Core 
Moderate  Velocity 
10  ms  -  1 


m 


Very  High  Velocity 

.Ligaments  Migrate  to 
Front  of  Spray 

100  ms  -1 


SCHEMATIC  DIAGRAM  OF  ZONES  OF  TYPICAL  SPRAY  PULSE 


Needle  Lift  Dector 


USING  LIGHT  SCATTERING 


ARO/MERADCOM  Engines/Fuels  Workshop 
Southwest  Research  Institute 
San  Antonio,  Texas,  Dec.  7-8,  1982 

Atomization  and  Thick  Sprays 
DAAG  29-81 -K-01 35 

F.V,  Bracco 
Princeton  University 


ABSTRACT 


Sprays  are  considered  from  single  cylindrical  orifices  under  the  con¬ 
ditions  of  direct  fuel  injection  in  internal  combustion  engines. 

The  main  conclusions  of  earlier  measurements  pertaining  to  the  jet  break 
up  process  are  summarized  first  (p.2).  From  them  it  is  possible  to  compute 
the  spreading  angle  of  the  spray  at  the  nozzle  exit  and  the  average  size  of 
the  drops  formed  by  the  break-up  of  the  outer  surface  of  the  jet  near  the 
nozzle  exit. 

Measurements  are  then  reported  of  the  axial  component  of  the  drop  velo¬ 
city  2  to  12  cm  from  the  nozzle.  The  measurements  were  made  by  LDV  under 
various  conditions  and  at  several  radial  and  axial  locations  (pp.3-5). 

Starting  from  the  initial  angle  and  drop  size  at  the  nozzle  exit,  the 
downstream  drop  velocities  were  then  co^uted  with  an  advanced  spray  model  and 
compared  with  the  measured  ones  (pp.6-8). 

A  brief  summary  follows  of  our  current  understanding  of  the  structure  of 
these  sprays  (p.9). 

Finally,  this  and  related  studies  led  us  to  some  questions  about  engine 
flows  and  combustion  that  are  put  forth  as  our  contribution  to  the  general 
discussion  (p.10). 
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JET  BREAKUP 

The  break  up  of  the  outer  surface  of  the  jet  occurs  on  the  time  scale  of 
microseconds  and  therefore  is  quasi  steady  with  respect  to  the  changing  engine 
conditions  [1].  This  breakup  starts  in  the  immediate  vicinity  of  the  orifice 
exit.  Aerodynamic  interaction  between  the  liquid  surface  and  the  gas  induces 
rapid  and  selective  growth  of  perturbations  that  originate  ..thin  the  nozzle 
[2].  The  initial  angle  of  the  spray  is  thus  set  and  found  to  depend  most 
strongly  on  the  nozzle  design  and  the  gas-to-liquid  density  ratio  as  shown  in 
Eq.  (1)  in  which  A  is  a  constant  for  a  given  nozzle  design  [3].  The  initial 
size  of  the  drops  formed  by  the  breakup  of  the  outer  surface  of  the  jet  is 
determined  by  the  Weber  number  and  is  insensitive  to  the  nozzle  geoemtry  as 
shown  in  Eq.  (2)  in  which  x  is  the  volume-mean  drop  diameter  and  C  <*  10  [4], 

The  mechanism  by  which  the  nozzle  geometry  influences  the  breakup  of  the 
outer  surface  of  the  jet  and  the  mode  of  break  up  of  the  inner  core  of  the  jet 
are  not  known  at  present. 


Nozzle 


X/D 


Pg/Pt  Ap  Vinj 


(MPa) 

(MPa) 

(m/s) 

d(ym) 

L/D 

1.48 

0.0256 

1 1.0 

127 

127 

4.0 

300,  400,  600,  800 

4.24 

0.0732 

11.0 

127 

127 

4.0 

300,  600 

4.24 

0.0732 

26.2 

194 

127 

4.0 

400,  500 

1.48 

0.0256 

1 1.0 

1  25 

76.2 

1.0 

300,500 

4.24 

0.0732 

1 1.0 

125 

76.2 

1.0 

300 

Liquid: 

n-hexane 

=  66S 

kg/m3 

Gas: 

ni trogen  y^ 

-  3.2x10"4 

N»s/m2 

*  1.84  x  10“2 

N/m 

Table  1 

DROP  VELOCITY  MEASUREMENTS 

Using  an  LDV  system,  radial  distributions  of  the  axial  drop  velocities 
were  measured  at  several  axial  locations  within  Bteady,  isothermal  sprays, 
including  regions  with  very  high  drop  number  densities  (>  1011  m~3)  and  velo¬ 
city  gradients  (up  to  5  m/s  per  mm).  The  LDV  system  consisted  of:  an  argon 
ion  laser  at  514.5  nm;  dual  beam,  90a  scatter  mode;  0.2x0. 2x0. 7  mm3  probe 
volume;  6.17  pm  fringe  spacing;  no  frequency  shift;  counter  signal  processor. 
The  minimum  distance  from  the  nozzle  was  300  nozzle  diameters  (2.3  cm),  n- 
hexane  was  injected  into  cospresaed  nitrogen  at  two  injection  velocities  (127 
and  194  m/s)  and  through  two  single-hole  round  nozzles  of  different  diameter 
(127  and  76.2  ym)  and  length-to-diameter  ratio  (4  and  1).  Two  ratios  of  the 
gas  density  to  the  liquid  density  were  used  (0.0256  and  0.0732).  The  test 
conditions  are  summarized  in  Table  1 • 


VxA'x.cl 
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FIG.  3  x  (cm)  fig.  4  Vd 


The  measured  radial  distributions  of  the  mean  and  fluctuating  components 
of  the  drop  velocity  were  found  to  be  very  similar  in  trends  and  magnitudes  to 
the  corresponding  distributions  of  the  fluid  velocity  in  the  far  field  of 
incompressible  jets  (Pigs.  1,6-8).  Thus  the  drop  velocity  field  tends  to  the 
universal  fluid  velocity  field  of  incompressible  jets.  However,  whereas 
incompressible  jets  achieve  their  self  preserving  configuration,  some  50 
diameters  from  the  injector  15],  the  drop  velocities  achieve  a  similar  con¬ 
figuration  more  than  300  diameters  from  the  injector  in  these  dense,  non¬ 
vaporizing  sprays  (Figs.  2,3). 
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FIG.  8 


The  greater  is  the  density  of  the  injected  fluid  with  respect  to  that  of 
the  environment,  the  slcwer  the  decay  of  the  jet  velocity  and  the  faster  the 
penetration  (Fig,  4).  It  is  as  if  the  axial  scale  of  the  jet  is  stretched 
proportionally  to  (p f/Pg)n  where  n  tends  to  1/2  in  the  far  field  [6],  to  1 
near  the  injector  (7]  and  may  be  close  to  3/4  in  the  range  of  our  measurements 
(Fig.  5).  Details  of  these  measurements  are  in  [10], 


VELOCITY  AND  DROP  PARCELS 


VAPOR  MASS  FRACTION 
AND  GAS  TEMPERATURE 


DROP  VELOCITY  COMPUTATIONS 

Having  the  initial  angle  and  drop  size,  computations  can  be  made  of  the 
subsequent  development  of  the  spray  and  the  computed  downstream  results  com¬ 
pared  with  the  corresponding  downstream  measurements.  The  initial  drop  size 
is  randomly  selected  from  a  distribution  with  mean  value  given  by  Eq.  2,  and 
the  initial  angle  of  the  drop  velocity  is  randomly  selected  from  a  distribu¬ 
tion  between  zero  and  that  given  by  Eq.  1. 


O  COMPUTED  DROP 

•  MEASURED  DROP 

*  COMPUTED  GAS 


300  X/D 


600  X/D 


•**  8  . . 


800  X/D 


RADIAL  DISTANCE  (cm) 

FIG.  10 

The  model  is  for  fully  coupled  two-dimensional  unsteady  two-phase  flows 
and  attempts  to  account  for  the  effect  of  gas  volume  fraction  on  mass  momentum 
and  energy  transfer  rates  between  the  two  phases,  for  drop  collisions  and 
coalescence,  and  for  turbulence  effects  on  drops  and  gas  [8].  Typical  com¬ 
puted  spray  structures  are  shown  in  Fig.  9s  a)  drop  parcels  and  gas  velocity 
of  a  non-evaporating  spray;  b)  gas  temperature  and  vapor  mass  fraction  con¬ 
tours  of  a  vaporizing  spray  1 9] • 

Comparisons  of  computed  and  measured  quantities  are  shown  in  Figs.  10-16. 
The  parameters  of  this  spray  are  given  in  the  first  row  of  Table  1.  The  com¬ 
puted  mean  axial  velocity  of  the  drops  agrees  reasonably  well  with  the  measured 
one  at  all  radial  and  axial  locations  (Fig.  10).  Correspondingly  there  is 
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velocity 


good  agreement  also  in  the  centerline  velocity  decay  (Pig.  11)  and  the  spray 
half-width  (Fig.  12).  In  the  computations,  as  in  the  experiment,  the  mean 
axial  velocity  of  the  drops  achieves  a  self  similar  profile  (not  imposed  a 
priori)  and  so  does  the  mean  axial  velocity  of  the  gas  (not  measured).  The 
mean  values  of  the  drop  and  gas  velocities  are  computed  to  be  nearly  equal 
(Figs.  10,  13,  14)  even  though  no  restrictions  were  imposed  on  them  a  priori. 
Fig.  15  shows  that  the  computed  turbulent  fluctuations  of  the  axial  component 
of  the  gas  velocity  are  close  in  distribution  and  magnitude  to  those  measured 
in  the  far  field  of  incompressible  jets  (a  k-e  model  for  the  gas  turbulence  is 
used  in  the  model).  But  the  computed  fluctuations  of  the  axial  component  of 
the  drop  velocity  are  about  a  half  the  measured  ones  (compare  Fig.  16  and  6). 
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CONCLUSIONS 

The  breakup  of  the  outer  surface  of  fuel  jets  in  Diesel-type  conditions 
starts  in  the  immediate  vicinity  of  the  injector  and  yields  initial  spray 
angle  and  drop  sizes  that  can  be  estimated  with  acceptable  accuracy.  The  mode 
of  breakup  of  the  core  of  the  fuel  jet  is  still  unknown. 

A  non-vaporizing  steady  spray  attains  the  typical  self  preserving  struc¬ 
ture  of  turbulent  jets  some  300  nozzle  diameters,  i.e.  3  to  1 2  cm,  from  the 
injector  probably  because  at  that  distance  most  of  the  jet  mass  is  entrained 
mass.  Mean  drop  and  gas  velocities  are  then  nearly  equal  but  their  fluc¬ 
tuating  cooponents  are  very  large  (■  30%)  and  not  necessarily  in  phase. 
Vaporizing  sprays  should  develop  closer  to  the  injector  since  the  axial  length 
scale  decreases  with  decreasing  (effective)  density  of  the  injected  fluid. 

Even  so,  the  development  region  remains  the  one  of  prime  interest  in  engine 
applications,  particularly  since  the  properties  of  the  ambient  gas  change 
during  the  propagation  of  the  spray. 

A  recently  developed  model  for  transient  sprays  has  reproduced  satisfac¬ 
tory  all  measured  downstream  stead/  mean  properties  but  not  the  fluctuation  of 
the  axial  cooponent  of  the  drop  velocity.  The  steady  far  field  was  obtained 
integrating  through  the  transient  and  the  development  region.  The  good 
agreement  with  the  steady  farfield  does  not  prove  that  the  transient  and  the 
development  regions  themselves  are  reproduced  accurately,  but  it  lends  support 
to  such  possibility.  Moreover  earlier  comparisons  with  nearfield  tip  penetra¬ 
tion  rates  and  far  field  drop  size  measurements  in  different  conditions  were 
also  satisfactory  [7],  In  all,  so  far  the  model  has  performed  above  expec¬ 
tations,  but  the  discrepancy  in  the  fluctuation  of  the  drop  velocity  points  to 
the  need  for  refinements. 
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QUESTIONS 

1)  Could  cavitation  contribute  to  smoke? 

2)  What  of  swirl  is  useful? 

3)  Is  swirl  really  necessary? 

4)  Should  hollow-cone  sprays  be  reconsidered  for  open  chamber  Diesels? 

5)  Shouldn't  ignition  be  controlled? 
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WALL  EFFECTS  ON  COMBUSTION  IN  AN  ENGINE 
F.  E.  Fendell 

TRW,  Inc.,  Redondo  Beach,  CA  90278 
ABSTRACT 

Previous  work  quantified  that  flame  quenching  occurs  near  a  cold  wall, 
whereas  rapid  conversion  of  reactants  to  products  occurs  near  a  hot  wall. 
Simple  modeling  and  laboratory  experiments  are  again  used  to  elucidate 
aspects  of  flame-wall  interaction  in  an  intermittent-burning  ICE. 

In  a  premixture,  compressive  heating  of  the  residual  charge  may  cause 
so  rapid  homogeneous  combustion  (instead  of  smooth  flame  propagation)  that 
spatially  inhomogeneous  pressure  occurs  ("end-gas  knock").  Analysis  sug¬ 
gests  that  augmented  heat  transfer  from  the  end  gas  precludes  explosive 
burning,  though  a  larger  fraction  of  the  charge  than  often  envisioned  must 
be  regarded  as  "end  gas."  Recent  emphasis  on  chamber  shape  in  reciprocal  ng- 
piston  engines  is  well  taken,  since  knock-free  operation  of  production  car- 
buretored  engines  at  compression  ratio  of  12.5  has  been  demonstrated. 

Also  to  be  presented  are  temperature  and  fuel  mass  fraction  measurements 
obtained  by  laser  Raman  spectroscopy  for  sidewall  quenching  (placing  a  cold 
plate  perpendicular  to  a  burner-stabilized,  planar,  premixed  flame).  These 
measurements  indicate  the  (1)  residual  fuel  near  the  cold  sidewall  is  rapidly 
oxidated  (so  crevice-type  quenching  is  the  predominant  source  of  exhaust 
hydrocarbons),  and  (2)  there  is  sufficient  sensitivity  to  quench-surface 
material  and  to  hydrocarbon  species  that  simplistic  aerothermochemical  models 
afford  only  qualitative  guidance. 

These  two  studies  suggest  that,  by  design  for  heat  transfer  and  chamber 
geometry,  smooth  yet  complete  charge  burn-up  seems  attainable. 


HEAT  TRANSFER  AND  END-GAS  KNOCK 
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SIDE-WALL  BOUNDARY/EIGENVALUE  PROBLEM 

0  DIRECT  ONE-STEP  IRREVERSIBLE  REACTION  (0  -  OXYGEN,  F  *  FUEL,  P  -  PRODUCT) 
vQ0  +  vfF  -►  vpP  (ARRHENIUS  KINETICS) 

o  MOLECULAR  WEIGHT  OF  MAJOR  SPECIES  COMPARABLE 
o  UNIVERSAL  BINARY  DIFFUSION  COEFFICIENT 
o  LEWIS-SEMENOV  NUMBER  UNITY 

o  ISOBARIC  LOW-MACH-NUMBER  FLOW  (NO  MECHANICAL  DISSIPATION) 
o  CONSTANT  UNIVERSAL  SPECIFIC  HEAT 

o  SIMPLE  VARIATION  OF  TRANSPORT  PROPERTIES  WITH  THERMODYNAMIC  STATE 

o  DECOUPLING  OF  THE  DYNAMICS  AND  ENERGETICS  (APPROXIMATION  OF  FLOW  FOR 
CONVECTIVE  TRANSPORT  OF  HEAT  AND  SPECIES) 


HOMOGENEOUS  EXPLOSION  OF  A  PREMIXTURE 


ADOPT 


vQ  0  +  vp  F  PRODUCTS 


LEWIS  NUMBER  UNITY 


FUEL-LEAN  OR  STOICHIOMETRIC  ($  <  1) 
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Qf  m  VF 
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0  “  -Tf - Tf  »  02  "EIGENVALUE" 
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p  Vp  ^ 

*  n2  [l  +  T0  -  t]  [  (l  -  ♦  {1  ♦  T0  -  T}] 
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T(°)  «  T0  ,  T(tf)  =  1  +  TQ 

SOK  T*  SUCH  THAT  tf*  <  -  (YR*  T *  ) ^ 
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TAYLOR:  TQ*  •  0(1000  K) 


USE  OF  POLYTROPIC  LAW  TO  MODEL  HEAT  TRANSFER 


dT 

IT 


RATE  OF  HEAT  ADDITION 
(PER  UNIT  MASS) 


IDEAL  GAS: 

d  En  T  ( v  -  l )  d  *n  P  -  d(&np)  _  d(tnp)  s  _g_ 

dt  Ky  1  dt  dt  y  dt  cy  T 

IF  q  *  -e  cy  T  ,  e  CONST.  , 

<U5"  lp/ell  .  £  ->  - exp  (-et) 

PY  P0Y 

IF  (p/p0)  -  exp  (yt)  DURING  COMBUSTION, 

I.E.,  IF  exp  (-et)  -  (p/pQ)'e/u  , 

THEN 


HEAT  LOSSES  CAN  BE  MODELLED  VERY  CRUDELY,  BUT  VERY  ADEQUATELY  FOR 


CURRENT  PURPOSES  BY  USE  OF  A  y  WHICH  IS  LESS  THAN  c_/e  . 


UNBURNED  GAS  (ij>  >  ¥) ; 
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SIDE-WALL  ELLIPTICAL  PARTIAL  DIFFERENTIAL  EQUATIONS 
0^x^xt,  O^z^L 

-£♦-£-©♦•9-  *  vV'[(,  -  ♦,  4  f  (,  -  T)] 

Vp+vn-l  -vn 
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_d_ 

dx 


pu  dz 


pu  SPECIFIED;  pv 


BOUNDARY  CONDITIONS 
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PISTON-CRANK  RELATIONSHIP 

PISTON  DISPLACEMENT  FROM  INITIAL  POSITION 
y(t)  *  O(O)  -  o(t) 


CLEARANCE  DISPLACEMENT  FROM  CLEARANCE 

AT  TDC  AT  TDC 


0  =  CRANK  ANGLE  =  2Trnt  +  0Q  ,  n  «  RPM 
r  =  CRANK  RADIUS 

Rfl  =  J l/r  ,  l  =  CONNECTING-ROD  LENGTH 
CR  =  COMPRESSION  RATIO 
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EQUATIONS 


ip 2  >  Y(t)  >  0 


m  >  4*(t)  > 


p(t),i'(t),Xf(t),X2(t) 


p(t),f(t),X,(t) 


FLAME-PROPAGATION  RELATION  ['f(O)  -  0] : 
*  =  Pu  A(xf,t)  w 
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CONTINUITY  OF  UNBURNED  MASS: 
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Figure  1  Schematic  of  the  two-dimensional  side-wall  quench  layer  beneath  a  one-dimensional  deflagration, 
stabilized  on  a  heat-sink- type  flameholder.  The  preheat  zone  has  convection  and  streamwise  diffusion;  the 
thin  flame,  reaction  and  streamwise  diffusion;  the  postflame  combustion-products  zone,  no  diffusion.  The 
upwind  elliptical  portion  of  the  quench  layer  has  streamwise  and  transverse  diffusion;  the  downwind  parabolic 
portion  of  the  quench  layer,  transverse  diffusion  only. 
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"Diesel  Engine 
to  a 

University 

Contract 


Cylinder  Gas-Side  Heat  Flux 
Ceramic  Surface" 

G.  L.  Borman 
of  Wisconsin  -  Madison 
No.  DAAG29-81-K-Q082 


The  research  effort  consists  of  two  projects.  The  first  project  Is 
to  measure  Instanteous  rates  of  heat  transfer  from  the  cylinder  gas  to  a 
ceramic  surface  In  a  fired  diesel  engine.  The  second  project  is  to 
fabricate  and  test  an  Instrument  which  Is  to  measure  either  the  total 
Instanteous  heat  transfer  or  only  Its  radiation  component  In  a  fired 
diesel.  Both  projects  will  be  carried  out  on  a  TACOM-LABECO  single 
cylinder,  open  chamber  engine. 

The  heat  transfer  measurements  will  utilize  a  specially  fabricated 
head  which  contains  a  very  large  instrumentation  plug.  The  cylinder 
side  surface  of  this  plug  Is  designed  to  accept  plates  of  various 
candidate  ceramic  materials.  The  two  materials  to  be  tested  are  hot 
pressed  zlrconla  and  a  surface  sealed  layer  of  porous  zlrconla.  To 
date,  the  engine  head  has  been  fabricated  and  is  now  under  preliminary 
test.  Methods  of  Instrumenting  the  ceramic  surfaces  have  been  Investigated 
both  In  our  own  lab  and  from  commercial  sources.  It  appears  that  either 
thin  film  thermocouples  formed  by  overlapping  films  or  a  platinum 
resistance  film  can  be  used.  While  the  head  was  being  fabricated  and 
the  transducer  being  Investigated,  a  series  of  base  line  heat  transfer 
measurements  were  conducted  using  a  metal  head  and  thin  film  thermocouples. 
Methods' of  recording  and  processing  the  data  have  been  developed. 

The  special  heat  transfer  instrument  will  utilize  a  thin  film 
thermocouple  to  measure  either  total  convective  and  radiative  heat 
transfer  or  only  the  radiative  component.  When  only  radiation  Is  to  be 
measured,  a  timed  jet  of  heated  air  Is  directed  over  the  surface  thermo¬ 
couple.  Engine  testing  of  the  device  for  feasibility  Is  currently 
underway. 
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FLAME  PROPAGATION  IN  SPRAYS 
by 

S.C.  Yao,  W.A.  Sirignano,  S.K.  Aggarwal ,  and  N.  Ashgrizzadeh 

Carnegi e-Mellon  University 
Pittsburgh,  PA  15213 

A  joint  experimental  -  computational  study  is  underway  on  flame  propagation  in 
sprays.  The  purpose  is  to  identify  the  prominent  physical,  dynamical  and  chemical 
mechanisms  involved  in  the  burning  of  sprays  and  to  develop  a  predictive  capability 
via  computation. 

An  experimental  apparatus  has  been  designed,  fabricated,  and  tested  which  allows 
separate  control  of  key  parameters  such  as  droplet  size,  fuel  type,  mixture  ratio, 
distance  between  droplets,  droplet  velocity,  and  air  velocity.  This  ability  to  vary 
independently  several  parameters  allows  a  critical  evaluation  of  any  theoretical 
model. 

A  piezo-electric  crystal  Is  employed  to  pulse  the  volume  in  a  fuel  reservoir 
Immediately  behind  a  multi-orifice  fuel  injector  plate.  The  orifice  size,  pulsing 
duration  and  amplitude,  and  time  between  pulses  controls  initial  droplet  size,  spa¬ 
cing,  and  velocity.  Air  flow  is  carefully  distributed  across  the  spray  by  perforated 
tubes.  A  wedge-shaped  flame  is  held  by  a  thin  flameholder  so  that  locally  the  flame 
approximates  a  one-dimensional  structure. 

A  one-dimensional  model  predicts  that  the  flame  is  not  perfectly  steady.  Some 
vaporization  and  mixing  of  fuel  vapor  with  air  occurs  before  the  flame. 

With  sufficiently  volatile  fuels,  a  flammable  mixture  results  for  a  deflagration 
to  result  which  does  not  rely  on  further  vaporization.  The  liquid  fuel  droplets 
entering  the  flame  may  or  not  complete  vaporization  before  they  leave  the  flame. 
Droplet  burning  has  been  seen  to  occur  well  beyond  the  flame-front.  Since  flame 
thickness  can  be  smaller  than  average  distance  between  droplets,  an  unsteady  situa- 


tion  arises.  The  degree  of  unsteadiness  would  increase  as  the  fuels  become  less 
volatile,  the  distance  between  droplets  increases,  and  the  droplets  become  larger. 

In  the  future,  experimental  diagnostics  and  further  theoretical  modelling  are 
intended  to  study  this  phenomenon  more  carefully. 


Suction 


!  f 
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FIG.1  Schematic  of  the  Spray  Generator 


Computational  Results 


FIG.  7  (a)  Gas  Temperature  Profiles  at  different  times 
(b)  Droplet  Radius  vs  X  at  different  times 


MECHANISMS  OF  COMBUSTION  OF 


HYDROCARBON/ACOHOL  FUEL  BLENDS 
K.  Seshadri 

ABSTRACT 

An  experimental  and  theoretical  study  concerning  the  mechanisms  of 
combustion  of  alternate  fuels  has  been  initiated.  The  fuels  to  be  considered 
are  homogeneous  solutions  of  alcohols  in  liquid  hydrocarbon  fuels.  A 
thin,  steadyt  laminar  diffusion-flame  in  a  counterflow  configuration  will 
be  established  in  the  laboratory  above  pools  of  heptane/ toluene/methanol , 
heptane/toluene/ethanol,  heptane/toluene,  heptane,  toluene,  methanol  and 
ethanol.  The  ratios  of  the  concentration  of  heptane  and  toluene  in  the 
solutions  will  be  chosen  to  approximate  the  ratios  of  allphatics  to 
aromatics  in  commercial  fuels  (e.g.  gasoline,  diesel  and  shale  oil). 
Concentration  profiles  for  stable  species  in  the  gas  phase  above  the  burn¬ 
ing  fuel  surface  will  be  measured  by  use  of  gas  sampling  and  gas  chromato¬ 
graphic  analysis.  Temperature  profiles  in  the  gas  phase  and  in  the  fuel 
will  be  measured  by  use  of  thermocouples.  Critical  conditions  of  flame  ex¬ 
tinction  will  also  be  measured.  Theoretical  analysis  will  be  based  on  an 
asymptotic  theory  in  the  limit  of  a  large  ratio  of  the  activation  energy 
to  the  thermal  energy  in  the  flame.  The  mechanisms  of  combustion  of  fuel 
blends  will  be  compared  with  its  components.  Results  to  be  obtained  include 
(1)  quantitative  comparisons  of  the  relative  reactivities  of  the  fuels,  (2) 
quantitative  values  for  the  overall  activation  energies  and  the  overall 
preexponential  factors  for  the  gas  phase  oxidation  of  the  fuels  and  (4) 
chemical  kinetic  mechanisms  for  fuel  pyrolysis.  We  anticipate  that  this 
study  will  aid  development  of  alternate  fuels  obtained  from  nonpetroleum 
sources  for  use  in  automotive  engines. 
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Acoustic  Signature  from  Flames  as  a 
Combustion  Diagnostic  Tool 
Warren  C.  Strahle 
School  of  Aerospace  Engineering 
Georgia  Institute  of  Technology 
Atlanta,  GA  30332 

Experiments  and  analysis  are  described  on  the  problem  of  using 
combustion  noise  output  as  a  non-intrusive  diagnostic  of  the  combustion 
process  in  gas  turbine  combustors.  The  acoustic  noise  output  is  analytically 
linked  to  the  heat  release  rate  fluctuation  distribution  in  the  combustor; 
consequently,  appropriate  listening  to  the  noise  can  yield  the  heat  release 
rate  distribution.  The  experiments  use  multiple  microphones  and  cross 
spectral  densities  between  microphone  pairs  as  the  imput  to  the  theory  to 
extract  heat  release  rate.  Verification  is  performed  by  ion  density 
measurements  in  the  combustor.  Speed  of  sound  distribution,  which  is 
needed  in  the  theory,  is  also  measured  by  an  acoustic  technique.  Prior  work 
on  an  open  jet  flame  is  also  discussed. 


Heat  release  fluctuation  function  and 
light  emission  function  vs.  length 
along  flame  axis  for  the  $  ■  0.8 
flame  at  300  Hz. 
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COMBUSTION  AND  MICRO-EXPLOSION  OF  WATER/OIL 


EMULSIONS  IN  HIGH-PRESSURE  ENVIRONMENTS 

C.  K.  Law 

Northwestern  University 

Water/Oil  (W/O)  emulsions  hold  potential  for  soot  reduction,  multi-fuel 
capability,  and  self-extinguishment  upon  spillage  and  incendiary  ignition. 

The  present  program  aims  to  study  the  combustion  characteristics  of  W/O  emul¬ 
sion  droplets  in  general,  and  their  behavior  in  high-pressure  environments  in 
particular.  Of  special  Interest  is  the  exploration  of  an  explosive  droplet 
combustion  phenomenon  termed  micro-explosion,  which  may  be  responsible  for 
much  of  the  potential  benefits  of  emulsion  utilization. 

The  experiment  involves  injecting  a  stream  of  equally-spaced  and  mono- 
'*  -perse  droplets  Into  a  co-flowing  hot  oxidizing  gaseous  stream.  The  drop¬ 
lets  subsequently  ignite  and  burn.  Their  combustion  behavior  are  studied  via 
direct  photography  and  sampling.  W/0  emulsions,  alcohol/oll  solutions,  and 
miscible  fuel  blends  have  been  studied. 

For  the  reference  case  of  pure  component  droplets,  we  have  observed 
significant  temporal  variations  of  the  flame-front  standoff  ratio  in  accord¬ 
ance  with  our  previously  postulated  concept  of  fuel  vapor  accumulation  in  the 
inner  region  to  the  flame.  Flame  extinction  also  spans  a  substantial  period 
contrary  to  the  assumption  of  gas-phase  quasi-steadiness. 

For  two-component  fuels  with  sufficiently  different  volatilities,  a  flame 
shrinkage  phenomenon  was  observed  indicating  the  occurrence  of  significant 
droplet  heating  as  the  droplet  composition  becomes  more  concentrated  with  the 
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less  volatile,  higher-boiling-point,  components.  Severe  situations  of  shrink¬ 
age  can  even  le*.d  to  droplet  extinction. 

For  three-component  fuels  consisting  of  a  surfactant,  two  flame  shrink¬ 
ages  occur.  Micro-explosion  usually  take  places  at  the  end  of  the  second 
shrinkage  when  the  droplet  becomes  highly  concentrated  with  the  surfactant. 

Preliminary  results  for  pressures  up  to  5  atmospheres  seem  to  indicate 
that  the  occurrence  of  micro-explosion  is  enhanced  with  increasing  pressure, 
although  more  detailed  studies  are  needed. 

Increasing  water  content  up  to  30%  by  volume  intensifies  micro-explosion. 
By  changing  from  our  macro-emulsions  to  the  Army's  micro-emulsion,  the  explo¬ 
sion  intensity  is  somewhat  weakened  and  the  explosion  frequently  occurs  in  two 


stages 


Combustion  and  Utilization  of  W/O  Emulsions 


•  Army's  Interests  : 

1.  FtaE  -  Resistant  Fuel 

2.  Combustion  Characteristics  in  Engines 


•  Engine  Testing  Results  : 

1.  Reduction  in  Soot  and  N0x 

2.  Increased  CO  and  HC  Emissions 

3.  Effects  on  Fuel  Economy  Inconclusive 
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Objectives  ©p  Present  Program 


To  understand  the  COMBUSTION  mechanisms 
OF  SINGLE  DROPLETS  op  w/o  EMULSIONS  AND 
MULTICOMPONENT  FUEL  BLENDS  . 

TO  FURNISH  INFORMATION  ON  OPTIMIZATION  OF 
FUEL  FORMULATION  FOR  FIRE  EEStSTENCV  AND 
ENGINE  COMBUSTION  • 

Emphases  : 

1.  Basic  gasification  mechanisms 

2.  Micro-  explosion 

3.  High  pressure  effects 

4.  Alcohol  blending 

5.  Soot  formation  . 


Experimental.  Methodology 

Specifications  of  Combustion  Chamber: 
Continuous  Low- Speed  Plow 
Maximum  Pressure  :  10  atm 
Maximum  Temp.  :  1000  *K 
Variable  Oxvgen  Concentration 
Hot  Combustion  Environment  Produced 
through  either  Resistive  Heating  or  as 
Combustion  Product  from  Fiat  Fume  Burner. 

Droplet  Produced  bv  Ink  Jet  Printing 
Technique  :  IOO/un  <  d0  <  300 /im  ,  Variable 
Spacing  ,  !?•<!. 

Quantitative  Data  acquired  through 
Direct  Photographs  $  Sampling. 
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History  of  Fleme  Sise  and  Flame-Front  Standoff  Ratio  for  a  Droplet 
Consisting  of  70%  Heptane  and  30%  Hexadecane  by  Volume 


Size  History  of  a  Droplet  Consisting  of  607.  Propanol, 
30%  Hexadecane,  and  107.  Surfactant 


Surfacant 


History  of  Flame  Size  and  Flame-Front  Standoff  Ratio  of  a  Water/Oil  Emulsion  Droplet 


Session  5 

FUELS/ENGINES  TECHNOLOGY 


Chairman:  F.  W.  Schaekel 

U.  S.  Army  Mobility  Equipment  Research  and  Development  Command 

Fort  Belvoir,  VA 


HOW  GUM  AND  DEPOSITS  FORM  IN  HYDROCARBON  FUELS 


by 

Frank  R.  Mayo  and  Bosco  Y.  Lan 
SRI  INTERNATIONAL 

The  object  of  this  research  is  to  determine  how  and  why  soluble  gum  and 
deposits  appear  in  jet  turbine  and  diesel  fuels  and  thus  how  to  predict  and 
prevent  their  formation.  Oxidations  were  carried  out  in  air  at  130°C.  To 
focus  attention  on  inherent  stabilities  of  fuels  and  to  avoid  effects  of 
previous  storage,  all  fuels  were  distilled  in  vacuum  before  use  and  stored 
under  nitrogen  at  -12°C.  Oxidation  is  required  for  gum  or  deposit  formation. 
The  hydroperoxides  formed  cause  step-wise  coupling  of  fuel  molecules  to 
heavier  products.  Whether  these  remain  in  solution  depends  on  the  solvent 
properties  of  the  fuels.  Since  our  work  was  reported  to  the  Division  of 
Fuel  Chemistry  at  the  March  1982  ACS  Meeting,  experiments  with  dodecane  and 
a  jet  turbine  fuel  have  shown  how  small  proportions  of  indene  or  N-methyl- 
pyrrole  greatly  increase  rates  of  gum  formation  (and  are  thereby  soon 
exhausted) ,  with  either  an  increase  or  a  decrease  in  the  rate  of  oxygen 
absorption. 

The  major  remaining  problems  are  the  effect  of  oxygen  concentration  on 
gum  formation,  determination  of  which  fuel  components  lead  to  stability  and 
instability,  and  the  relative . importance  of  gum  formed  on  storage  and  by 
very  rapid  oxidation  and  condensation  in  hot  engine  zones. 


HOV/  GUM  AND  DEPOSITS  PORT'  IN  HYDROCARBON  FUELS 
Frank  R.  Mayo  and  Bosco  Y.  Lan,  SRI  International 

Object:  To  determine  how  and  why  soluble  gum  and 
deposits  appear  in  jet  turbine  and  diesel  fuels,  end 

thus  how  to  predict  and  prevent  their  formation. 

) 


SUMMARY  OF  PREVIOUS  WORK  AT  SRI  INTERNATIONAL 

Rates  of  oxidation  and  gum  formation  (new  method) 
were  measured  in  cir  at  130°C. 

Gum  is  foimed  by  stenwise  condensation  of  oxide- 
tion  products  of  fuel  by  hydroperoxides. 

Whether  gum  formation  leads  to  deposit  formation 
depends  on  the  solvent  properties  of  the  fuel. 

Among  different  fuels,  there  is  no  correlation 

between  deposit  formation  and  rate  of  oxidation. 

In  different  oxidations  of  the  same  fuel,  gum 

formation  is  proportional  to  rate  of  oxidation. 
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OXYGEN  ABSORBED  fumole/j  fuel) 


CONCLUSIONS 

Gum  rnd  deposits  ere  closely  associated 
with  oxide  tion  of  fuel. 

Gum  rnd  deposits  incorporate  the  fuel  components 
thet  ere  most  susceptible  to  oxidation  and 
ere  consumed  rapidly. 

The  reactive  components  usually  increase  gum  forma¬ 
tion,  but  they  may  increase  cr  decrease  the  rate 
of  oxygen  absorption,  depending  on  their  propor- 

£  tions  in  the  fuel. 


SOME  RETAINING  PROBLEMS 

What  components  most  effect  fuel  stability? 

What  is  the  effect  of  oxygen  pressure  on 
gun  and  deposit  formation? 

Do  deposits  on  hot  engine  parts  come  mostly 
from  gum  formed  in  storage  or  from 
sudden  oxidation  near  the  hot  metal? 


How  applicable  ere  our  results  and  con¬ 
clusions  at  130°C  to  service  conditions? 


Do  soluble  metals  end  metal  surfaces  play 
^  important  ports  in  gum  and  deposit  formation? 


AFLRL  Basic  Research  on  Fuel  Storage  Stability 
G.  H.  Lee 
L.  L.  Stavinoha 

U.  S.  Army  Fuels  and  Lubricants  Research  Laboratory 
Southwest  Research  Institute 
San  Antonio,  TX 


ABSTRACT 


This  program  was  started  as  a  3 -year  study  under  6.1  funding  by  USAMERADCOM  in 
October  1981.  Its  major  objective  is  to  determine  the  primary  chemical  reaction 
mechanisms  causing  "insoluble"  particulate  matter  and  adherent  gums  to  form  in 
neat  and  additive-treated  middle  distillate  fuels.  Reaction  kinetics  and  variations 
in  chemical  composition  of  the  degradation  products  are  being  determined  through 
accelerated  aging  at  65°,  80°,  and  95°C  in  both  large  (30-gallon)  and  small  (200  cc) 
containers.  The  weight  of  "insoluble"  particulate  matter  per  liter  of  fuel  is 
determined  as  a  function  of  time  using  ASTM  D  2276  techniques.  The  rate  of 
particle  growth  will  be  determined  using  instrumentation  capable  of  measuring  in 
the  0.5-  to  90-Um  range. 

Characterization  of  the  chemical  functionalities  constituting  the  particulates  and 
gums  is  being  studied,  following  chromatographic  separation,  by  infrared 
spectrophotometry,  mass  spectrometry,  nuclear  magnetic  resonance,  and  other 
techniques  as  appropriate. 


AFLRL  DISTILLATE  FUEL- RELATED  ACTIVITIES 


-►  BASIC  RESEARCH 


TEST  TECHNIQUE 
DEVELOPMENT 


SURVEY  FUELS 


BETC  TEST  TECHNIQUE 
DEVELOPMENT 


DOE,  SPRO,  CRUDE  AND 
PRODUCT  STORAGE 


ASTM  D— 2,  E-V 
STABILITY  AND 
CLEANUNESS 


ADDITIVES  FOR 
DEPOT  USE 


•  MECHANISM  OF  DEGRADATION  AND  ADDITIVE  INHIBITION 
•FUEL  CONTAINER/FUEL  STABILITY  INVOLVEMENT 


» FIELD  TEST 
TECHNIQUES 


*  LABORATORY  TEST 
TECHNIQUES 


•WORLD  WIDE  FUEL 
QUALITY  ASSESSMENT 


•  QUALITY 

•  PREDICT  FUTURE  QUALITY 

•  QUALITY,  PREDICTION 

•  FUEL  SYSTEM  DEBRIS 

IDENTIFICATION 

•  INJECTOR  FOULING 

BENCH  TEST 


•  REFINERY 


•  RLFERENCE/REFEREE  FUEL 
DEFINITION 


•  LABORATORY 
METHODS 
CORRELATION 


•  SPECIFICATIONS, 
FIELD  MANUALS, 
ETC. 


•  SURVEY  AND  TECHNIQUE  OPTIMIZATION  (COMPLETED) 

•  SYNTHETIC  FUEL  STABILITY 

•  SOURCE  OF  FUEL  STABILITY  INFORMATION  &  TESTING 


•  STATE  OF  THE  ART  REVIEW  (COMPLETED) 

•  QUALITY  ASSESSMENT  (COMPLETED) 


•  SYMPOSIUM  (STP751)  (COMPLETED) 

•  METHODS  DEVELOPMENT 

•  APPENDICES  TO  SPECIFICATIONS 


•  YUMA  PG  TEST  (LIMITED)  AND  POMCUS  TEST  (COMPLETED) 

•  MARINE  CORP.  NTPS  TEST 

•  LETTERKENNY  ARMY  DEPOT  (PROPOSED) 

•  DOD-S  STABILIZER  ADDITIVE  SPEC. 


VOLATILE  CORROSION  INHIBITORS  FOR  FUELS/FUEL  TANKS  IN  VEHICLE  (PROPOSED) 


_  FIELD  PROBLEM 
SURVEILLANCE 


•  FORT  HOOD 

•  FORT  RILEY 

•  PATRIOT  MISSILE  (WHITE  SANDS) 

•  FORT  POLK 

•  ARMY  DEPOTS,  ETC. 


VEHICLE  FUEL 
FILTER 


•  SAE  J— 905  TEST  RIG  DEFINITION 

•  FIELD  LIMITING  VALUES  (PROPOSED) 

•  LABORATORY-FIELD  CORRELATION  (PROPOSED) 


PUBLIC/TECHNICAL 

RELATIONS 


•  ASTM  COMMITTEE  D-2 

•  MAINTENANCE  COUNCIL  OF  AMERICAN 

TRUCKING  ASSOCIATION 

•  DARCOM  CORROSION  GROUP 

•  CONFERENCES 

•  DTIC  PUBLICATIONS 
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OBJECTIVE: 

TO  INVESTIGATE  THE  MECHANISM 
OF  MIDDLE  DISTILLATE  FUEL 
DETERIORATION  THROUGH  CHEMICAL 
CHARACTERIZATION  OF  THE 
MATERIALS  INVOLVED  AFTER 
APPLICATION  OF  VARIOUS 
ACCELERATED  AGING  TECHNIQUES 


APPROACH: 


1.  REVIEW  AND  ASSEMBLE 
PERTAINENT  LITERATURE  ARTICLES. 

2.  SELECT  APPROPRIATE  TEST  FUELS. 

3.  AGE  THE  CHOSEN  TEST  FUELS 
(WITH  AND  WITHOUT  ADDITIVES) 

USING  PROVEN  METHODS. 

4.  COLLECT  AND  CHEMICALLY  ANALYZE 
"SOLUBLE"  AND  "INSOLUBLE" 
DEGRADATION  PRODUCTS. 

5.  FROM  THE  CHEMICAL  STRUCTURES 
(CLASSES)  DETERMINED,  FORMULATE 
VIABLE  DETERIORATION  MECHANISMS 
AND  COMPARE  TO  THOSE  SUGGESTED 
IN  LITERATURE. 
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PLANS  FOR  DEVELOPMENT 
OF  AH51FG  (3) 


BEGIN  FY82 


literature  survey 

SELECTION  OF  STUDY  FUELS 


ACCELERATED  AGING 


65*  C-80*C-95*C 


NEAT  FUEL  ADDITIVE  TREATED 


NATURAL  AGING 


VEHICLE  STORAGE 


EFFECT  ON  THE 
RATE  OF  GUM  FORMATION 


DETERMINATION  AND 
APPLICATION  OF  APPROPRIATE 
ANALYTICAL  TECHNIQUES 


PROBLEM  AREAS  IDENTIFIED 
UNDER  OTHER  ON-GOING 
PROGRAMS 


INSOLUBLE 
PARTICLE  GROWTH 
KINETICS 


SwRI  INTERNALLY 
FUNDED  RESEARCH 
PROGRAM  ^ 


BEGIN  DETERMINATION 
OF  MATERIAL  COMPOSITION 


ESTABLISH  STABILITY 
OF  DEGRADATION  PRODUCTS 
ONCE  THEY  HAVE  FORMED 


CORRELATION  OF 
SELECTED  COMPONENTS  . 
TO  DETERMINE  SIMILARITIES/ 
DEFFERENCES 


COMPARISON  OF  FILTERABLE 
MATERIAL  ENTRAINED  ON  LABORATORY 
AND  FIELD  FILTERS  (INCORPORATION 
OF  SAE  J905  FILTER  TEST  RIG) 


POSTULATE  DECOMPOSITION 
MECHANISMS 
I 

VERIFY  POSTULATIONS 


'ESTABLISH  ACTUAL  MECHANISMS 
OF  GUM  FORMATION 


END  FY  84 


FINDINGS 


1 .  Solubility  of  filterable  particulates  changes  with  time  after  filtration. 


2.  Benzene  solubles  appear  to  have  ester  character. 


3.  Pyridine  solubles  are  probably  nitrogen  containing, 
non— ester  compounds. 


4.  The  major  products  appear  to  be  salts  such  as  sulfates 
or  sulfonates  even  though  GPC  appears  to  indicate  MW’s 
of  up  to  approximately  1500. 


5.  Adherent  gum  formation  does  not  occur  (in  "large"  scale  aging) 
until  after  insoluble  particulates  form.  This  is  not  necessarily 
true  in  small  scale  aging. 


6.  The  sum  of  adherent  gum  weight  and  insoluble  particulate  weight 
appears  to  increase  at  the  same  rate  as  the  insoluble  particulates 
prior  to  adherent  gum  formation  (large  scale). 


7.  Degradation  products  appear  to  be  very  similar  thus  being 
independent  of  the  source  or  additive. 


BASIC  RESEARCH  ON  FIRE-RESISTANT  DIESEL  FUEL 
W.  D.  Weatherford,  Jr. 

D.  W.  Naegeli 

U.  S.  Army  Fuels  and  Lubricants  Research  Laboratory 
Southwest  Research  Institute 
San  Antonio,  Texas 


ABSTRACT 


Measurements  of  flammability  limits  of  diesel  fuel  vapors  in  air  diluted  with  various 
amounts  of  water  vapor  have  established  that  such  mixtures  containing  more  than 
about  24  vol%  water  vapor  cannot  burn. 

Vapor  pressure  measurements  confirmed  that  FRF  systems  containing  10  vol%  water 
are  blanketed  by  equilibrium  vapors  containing  at  least  24  vol%  water  for  liquid 
temperatures  greater  than  about  70°C.  Moreover,  the  same  ratio  of  surfactant  to 
water  yields  the  same  equilibrium  vapor  water  content  with  FRF  containing  either 
more  or  less  than  10  percent  water. 

Vapor  pressure  measurements  indicate  that  FRF  blends  containing  6  vol%  surfactant 
and  between  about  2  and  10  vol%  water  are  true  microemulsions  which  exert 
equilibrium  water  partial  pressures  significantly  less  than  that  of  pure  water.  When 
the  water  content  is  less  than  about  1  vol%,  these  systems  appear  to  be  micellar 
solutions  with  even  lower  equilibrium  water  partial  pressures. 

The  flash  points  of  DF-2-type  FRF  blends  containing  10  vol%  water  were  about  the 
same  as  those  of  the  neat  fuel  when  the  flash  point  was  less  than  about  70°C.  When 
the  flash  point  of  the  base  fuel  exceeded  70°C,  a  flash  point  for  the  FRF  was  not 
detectable.  For  these  FRF  blends  at  temperatures  above  70°C,  the  partial  vapor 
pressure  of  water  is  higher  than  the  24 -percent  vapor  phase  composition  limit  for 
flammability. 

Horizontal  flame  channel  experiments  indicate  that  the  lowest  water  content  which 
prevents  vapor  burning  in  dynamic  (i.e.,  nonequilibrium)  situations  is  between  0.5 
and  5  vol%  in  the  liquid. 

A  special  apparatus  was  developed  to  measure  liquid -surface  evaporative  cooling 
and  liquid-surface-flow  heating  effects  in  the  vicinity  of  a  simulated  flame  on  the 
FRF  surface.  The  results  confirmed  that  evaporative  cooling  effects  are  signifi¬ 
cant,  but  that  they  are  not  responsible  for  the  self-extinquishing  properties  of  FRF. 
In  fact,  the  data  indicate  that  the  surface-flow  effects  in  front  of  the  simulated 
flame  (Marangoni  effect)  provide  sufficient  surface  heating  to  generate  the  greater 
than  24  vol%  water  vapor  composition  needed  for  self -extinguishment  even  when 
the  bulk  liquid  FRF  is  much  cooler  than  70°C. 


NON FLA 


MOLE  PERCENT  WATER  VAPOR 


VAPOR  PRESSURE-FLAMMABILITY  DIAGRAM 
FOR  A  TYPICAL  DIESEL  FUEL 


VOLUME  FRACTION  WATER  IN  LIQUID 


VOLUME  PERCENT  v/ATER  IN  LIQUID 


THERMOCOUPLE  SUBMERGED 
IN  BULK  LIQUID 


FUEL /SURFACTANT )FHF 


VOLUME  PERCENT  WATER  IN  LIQUID 
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SYNOPSES  OF  RELATED  BASIC  RESEARCH  AT  SwRI 

T.W.  Ryan,  III 

Department  of  Fuels  and  Lubrication  Technology 
Southwest  Research  Institute 
San  Antonio,  Texas 


ABSTRACT 


Four  areas  of  basic  research  which  are  currently  being  addressed  within  the 
Energy  Systems  Research  Division  of  SwRI  are: 

•  injection  and  atomization  in  diesel  engines; 

•  combustion  of  fuels  in  diesel  engines; 

•  spray  and  evaporation  of  fuels  in  turbine  engines; 

•  injection  and  atomization  of  two-phase  fuels. 

Work  in  these  areas  require  extensive  facilities,  including  various  specialized  engines, 
bombs  and  flow  devices,  as  well  as  state-of-the-art  diagnostic  systems  including  the 
latest  in  laser  and  real-time  computer  technology. 

Four  different  SwRI  projects,  one  in  each  of  the  areas  listed  above,  are  described 
briefly.  The  emphasis  in  most  cases  is  placed  on  a  description  of  the  facilities  being 
used  in  the  particular  project.  Examples  of  the  experimental  results  from  each  project 
are  presented. 
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OPTICAL  ARRANGEMENT  FOR 
HIGH-SPEED  SCHLIEREN  MOVIES 


FUEL  INJECTOR 


uaoNX 


CRANKANGLE 


ELEASE  PLOTS 


APPARATUS 


COMPUTER 


AND  PRESSURE 
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COMPARISON  OF  FUEL  INJECTION  BETWEEN 
NEAT  DIESEL  AND  20%  MOGUL  L  SLURRY,  174  PSIG,  80<>F 
(50  to  600ysec) 


BASE  FUEL 
NEAT  DIESEL 


TIME,  ysec 


20%  MOGUL  L  SLURRY 


